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Synopsis 
 
The Cradle of Humankind (CoH) is a UNESCO World Heritage Site 40 km northwest 
of Johannesburg, South Africa. This site contains abundant caves, formed in stromatolite-rich 
dolomite of the late Archean to early Proterozoic lower Transvaal Supergroup, which are 
famous for their Plio-Pleistocene fossil-bearing deposits. In several caves, deposits have 
preserved important hominin fossils belonging to a range of species, including 
Australopithecus africanus, Australopithecus sediba, Paranthropus robustus and the recently 
discovered Homo naledi, as well as associated faunal and archaeological remains. The 
investigations carried out in this study are centered on the Rising Star Cave, the discovery site 
for Homo naledi. These investigations are presented in three parts: 1. Petrographic studies and 
40Ar/39Ar dating of sediment matter in the Rising Star Cave, 2. cosmogenic nuclide studies 
relating to landscape changes and burial dating, and 3. Development of (uranium, thorium)-
helium ((U,Th)-He) dating of flowstone speleothems.  
In the first part, I used a range of petrographic techniques to determine the mineralogy 
and chemistry of the cave earth that Homo naledi fossils were encased in, located in the 
Dinaledi chamber. This cave earth is made up of clay-rich mudstones and contains abundant 
angular chert grains and Fe- and Mn-oxyhydroxide mineral concretions. In contrast to other 
chambers of the cave system it lacks detrital quartz grains as well as other surface-derived 
sediment matter. The composition of the Dinaledi cave earth is consistent with sediments 
derived from the walls of the cave without input from outside. Potassium (K)-bearing minerals 
were found in mudstones as muscovite and sericite, and also as minerals that were part of the 
Fe-Mn-oxyhydroxide concretions (e.g. birnessite). When dated using 40Ar/39Ar dating method, 
these yielded mainly disturbed age spectra, indicating dates in the range 1900-2160 Ma of 
which most are broadly consistent with tectonic events that affected the dolomite bedrock. This 
indicated that there were no K-bearing mineral phases formed in the caves, and thus, the 
40Ar/39Ar dating method could not be used to date the cave deposits and the fossils.  
In the second part, cosmogenic nuclides were used to study the denudation rate and 
landscape changes on the surface above the Rising Star Cave, and also to obtain burial ages for 
the clastic sediments inside the cave. The local denudation rate derived from concentrations of 
10-beryllium (10Be) and 26-aluminium (26Al) in four chert samples taken from outcrop was 
found to be 9.46 ± 0.68 m/Ma, much higher than published values (< 5 m/Ma) for catchment-
wide denudation rates derived from stream sediments. Soils lack dolomite, showing that most 
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of the bedrock is removed in solution. Apparent denudation rates obtained from 10Be 
concentrations in pebble- to cobble-sized clasts and coarse-sand in soil (on average 3.59 ± 0.27 
m/Ma and 3.05 ± 0.25 m/Ma, respectively) are 2-3 times lower than the bedrock denudation 
rates. Further, soil samples yielded 26Al/10Be ratios that were lower than the ratio value 
calculated from surface production, suggesting complex post-denudation exposure histories. 
The paired 26Al and 10Be results of surficial materials have revealed that assumptions widely 
accepted for silicate landscapes may not apply to a karst landscape. Although bedrock 
denudation processes appear to be faster than previously determined for the region, the 
irregular karst surfaces and landforms act as effective sediment traps. The soils in the CoH are 
vertically mixed with complex exposure histories and prolonged near-surface residence times 
of up to 1.5 Ma. This finding has two significant implications: (1) underestimation of single-
nuclide catchment-wide denudation rates from stream sediments, and (2) overestimation of 
cosmogenic nuclide burial ages of fossil-bearing cave sediments determined from samples of 
amalgamated sand-size quartz grains derived from the soil. It is crucial to (1) assess the 
exposure history of surficial material when determining denudation rates via stream sediments 
in a karst landscape and (2) analyse surface material that corresponds most closely to the cave 
sediment to be dated. 
The cosmogenic 26Al/10Be burial ages of sediments in the Rising Star Cave were 
determined using four different approaches. Two approaches were based on the simple burial 
dating method and one was based on the min/max methods. These approaches do not account 
for the complex exposure histories and prolonged near-surface residence observed for the 
surface soil, and thus, their ages are overestimated. The fourth approach was based on the 
assumptions of steady-state mixing of soil, and this approach yields burial ages that are in 
agreement with published OSL dates of the same sediments and consistent with published U/Th 
ages of flowstones. The burial ages of the samples from inside the Rising Star cave system, 
particularly the EMR sample from a passage ~10 m from the Dinaledi Chamber, show that 
there was once a pathway for surface-derived sediments to enter the cave system. 
The third part of this study was focused on development of a (U,Th)-He method for 
dating the CaCO3 flowstones formed in the caves. Samples from the Swartkrans, Sterkfontein 
and the Rising Star caves, previously dated accurately using the U-Pb and the U/Th dating 
methods, were used to validate the method. Initial work, using a laser to heat samples for 
helium extraction, was unsuccessful because of (i) the amount of sample being limited to < 5 
milligrams, (ii) loss of sample material during conversion of CaCO3 to CaO, (iii) incomplete 
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helium extraction, and/or (iv) the inability to recover the sample without dissolving the copper 
foil used to wrap the samples. Consequently, inaccurate quantification of the He, U and/or Th 
contents resulted in incorrect ages. To enable the analysis of larger samples and improve He 
extraction, a furnace was used which allowed up to 100 milligrams of sample to be analysed, 
improving the precision of He measurements as well as enabling full 238U, 234U, 232Th and 230Th 
analysis after He extraction, using the multicollector inductively coupled plasma mass 
spectrometer (MC-ICP-MS). The (U, Th)-He results obtained were in agreement with literature 
ages of most samples used to validate the samples, an exception being samples from surface 
outcrops. The viability of (U,Th)-He dating for speleothem samples taken in caves was 
demonstrated, and it was shown to be applicable to samples with very low (< 0.1 ppm) U 
content, thus promising to be useful as a complementary dating method for cave deposits.  
Although the (U, Th)-He results were confirmation of previously determined ages, the results 
on one flowstone from the Rising Star Cave (sampled as JR03 and ER2G) were significant. 
These results confirmed that this flowstone, which could not be dated using U/Th, had an age 
of 0.83 Ma, indeed older than 0.78 Ma as suggested by published paleomagnetic results.  
When taken together as a whole, all the results of this study reveal important 
information about the paleoenvironment and the landscape changes of the Rising Star Cave 
and the rest of the CoH. They suggest that the landscape of the CoH is tectonically dynamic, 
and that the landscape above the Rising Star Cave was 5-6 m higher at 1.0 Ma and 2-3 m higher 
during the times of Homo naledi. They also suggest that the Rising Star Cave formed less than   
1.5 Ma ago and was inaccessible until around 0.62 Ma. Importantly, the burial ages obtained 
affirm the constraints on the 0.335 - 0.236 Ma age of Homo naledi.  
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CHAPTER 1: Introduction 
 
Numerous early hominin fossil sites have been found in the geographic region that 
stretches from southern to eastern Africa (Figure 1.1). Understanding the geology and 
geomorphology of this region is important for paleoanthropology and for defining Africa as 
the cradle of humankind. Paleoanthropology is the study of human evolution and that of our 
closest living relatives, the other primates (Begun, 2013). One of the important hominin fossil 
sites in Africa is the Fossil Hominid Sites of South Africa UNESCO World Heritage Site 
(WHS), situated in the northern parts of South Africa (Figure 1.2 A). The serial list of this 
WHS includes three sites: (a) Sterkfontein, Swartkrans, Kromdraai and Environs, (b) the 
Makapan Valley, and (c) the Taung Skull Fossil Site. The Makapan Valley and the Taung Skull 
Site are located in the Limpopo and North West Provinces of South Africa, respectively. The 
Sterkfontein, Swartkrans, Kromdraai and Environs site is colloquially known as the Cradle of 
Humankind (CoH), and lies 40 km northwest of Johannesburg, in the Gauteng Province. The 
CoH owes its status, of the biggest and richest hominin fossil repository in the world, to its 
geology (Dirks and Berger, 2013; Durand, 2017). Caves and sinkholes formed in the extensive 
Palaeoproterozic dolomite of the Transvaal Supergroup have provided shelter and sources of 
water to, as well as acting as death traps for hominins and other animals since the middle 
Pliocene (Dirks and Berger, 2013). These caves are a result of several complex karstification 
events that have led to repeated cave formation and infill (Martini & Kavalieris, 1976; Herries 
et al., 2018). Over 81 caves in the CoH have been found to contain evidence of macrofossils, 
while hominin or archaeological remains dating from 3.7 Ma to recent times have been 
identified in over a dozen caves (Figure 1.2 B) (Tobias, 2000; Partridge, 2000; Herries et al., 
2009; Reynolds and Kibii, 2011; Pickering et al., 2011a, b; Dirks & Berger, 2013; Granger et 
al., 2015; Berger et al. 2015). The sediments deposited in these caves have also played an 
important role in the preservation of the fossils, which include various hominin species of 
Australopithecus, Paranthropus and Homo, as well as associated faunal and archaeological 
remains (Pickering and Kramers, 2010; Pickering et al., 2011a; Granger et al., 2015). 
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Figure 1.1: Early hominin fossil sites of Africa. Sites where Homo species have been found are in bold. The 
setting for this study is the Rising Star Cave. Modified from Schrenk (2013). 
Understanding how these hominin species evolved and where and how they fit in 
paleoanthropological research requires the determination of absolute ages of the fossil-bearing 
deposits as well as the history and rate of landscape changes (Dirks et al., 2016; Dirks and 
Berger, 2013; Bailey et al., 2011; Reynolds et al., 2011). Thus, geochronology and other 
applications of geochemistry are a crucial companion to paleoanthropological research. 
Geochronology is the scientific discipline concerned with determining the order and absolute 
ages of events in the Earth’s history. The development of various geochronology techniques 
(Table 1.1) since the 1950s has made it possible to determine the ages of deposits and events 
of paleoanthropological importance with superior accuracy (Deino et al., 1998; Ludwig and 
Renne, 2000; Grün, 2006; Deino, 2013). In this study, different techniques of geochronology 
and geochemistry were used to (a) date (or attempt to date) the sediments and deposits from 
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several fossils sites in the CoH, and (b) investigate the landscape changes of the surface above 
the Rising Star Cave. The Rising Star Cave is a fossil site in the CoH, famous for the 
preservation of abundant Homo naledi fossils in the Dinaledi and Lesedi Chambers (Dirks et 
al., 2015; 2017; Berger et al., 2015; 2017; Hawks et al., 2017). The Homo naledi fossil 
assemblage is the largest collection of fossils, ever discovered in Africa, from a single primitive 
hominin species and the unique taphonomic context of the deposit has led to the suggestion 
that Homo naledi deliberately disposed of the dead of its kind (Dirks et al., 2015). 
 
 
Figure 1.2: (A) The UNESCO World Heritage Site Fossil Hominid Sites of South Africa are situated in three 
locations in the northeast part of South Africa. Map photo from Wikimedia commons. (B) Major fossil-bearing 
cave sites of the CoH hominin fossils belonging to various species have been discovered in most of these sites. 
Modified from Herries et al. (2018). 
 
1.1 Outline of the study 
This study is composed of ten (10) chapters. The investigations undertaken in this study 
are subdivided into three parts. Part 1 consists of Chapters 3 and 4, which report on the 
petrographic studies undertaken and the 40Ar/39Ar dating of cave sediments, respectively. Part 
2 is comprised of Chapters 5 to 7, reporting all the cosmogenic nuclides work carried out in 
this study. Part 3 is composed of Chapters 8 and 9, and reports on the development of the 
(U,Th)-He dating method as applied to calcium carbonate speleothems. 
Chapter 1 is the introduction to the study. It describes the problem statement and 
presents the aims and objectives of the study.  
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Chapter 2 gives the literature review of the geology and geomorphology of the study 
setting. This study was primarily set in the Rising Star Cave but also includes other fossil sites 
in the CoH such as the Sterkfontein, Swartkrans and Malapa caves (Figures 1.1 and 1.2). The 
fossil-bearing caves of the CoH formed in thick dolomite sequences of the Malmani Subgroup, 
which is part of the Transvaal Supergroup, a supracrustal sequence on the Kaapvaal Craton, 
South Africa. This chapter starts by giving a broad background of the geology and 
geomorphology of the Central Kaapvaal Craton as well as the Cradle of Humankind. 
Thereafter, it focuses on the geology and geomorphology of the Rising Star Cave.  
Chapter 3 details the petrographic results of the cave earth material that was encasing 
the Homo naledi fossils in the Dinaledi Chamber. The chapter begins with a description of the 
sampling strategy for the cave earth samples, which were studied using a range of commonly 
used petrographic techniques. These samples were studied with the purpose of determing the 
potassium (K)-bearing mineral phases that could be dated using the 40Ar/39Ar dating technique 
for constraining the age of the fossils. Thus, Chapters 3 and 4 accompany each other. The bulk 
mineral content was determined using powder x-ray diffraction spectrometry (XRD), and the 
x-ray fluorescence spectrometry (XRF) was used to obtain the bulk chemistry. The mineralogy 
and chemistry of individual grains or fragments and their textures was obtained using scanning 
electron microscopy–backscattered  electron imaging (SEM-BSE), semi-quantitative elemental 
mapping of the SEM–energy dispersive spectrometry (SEM-EDS), and quantitatively with the 
wavelength dispersive spectrometry (WDS) on the electron microprobe analyser (EMPA). 
Details of sample preparation, instrumentation and methods for each of these techniques are 
given in Appendix A. Supplementary petrographic data (BSE images, EDS element maps, 
complete EMPA spot chemical analyses and powder x-ray diffractograms) not included in 
Chapter 3 are given in Appendix B. 
Chapter 4 reports on the 40Ar/39Ar ages of K-bearing minerals studied in Chapter 3. 
This chapter begins with the background and basis of the 40Ar/39Ar dating method followed by 
presenting the method followed in the UJ noble-gas laboratory. Thereafter, the age results of 
the different potassium-bearing grains and clasts are presented. To conclude, the results and 
their implications are discussed. 
Chapter 5 is a lengthy chapter. It starts by providing the background and principles of 
cosmogenic nuclides and the application of 10-beryllium (10Be) and 26-aluminium (26Al) in 
Earth Sciences. The mathematical framework underlying the use of cosmogenic nuclides for 
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determining exposure ages, denudation or erosion rates and burial ages are summarised from 
the work of Granger (2014) and Granger and Riebe (2014). The second part of this chapter 
includes a descriptions of the sampling strategy and the methodologies. Samples were collected 
from the surface above the cave and from inside the cave. The sampling strategy for the 
sediments and bedrock on surface was inspired by a working hypothesis developed for studying 
the soil exposure history on the karstic landscape of the CoH. The samples from inside the cave 
were for the purpose of determining the burial ages of the cave deposits to indirectly date the 
Homo naledi fossils. To conclude this chapter, the analytical and computational methods used 
are described. The computational methods include the description of a Visual Basic® based 
simulation model developed to address the hypothesis. 
Chapter 6 reports and then discusses the cosmogenic nuclides and model results of the 
surface samples. First the concentrations of cosmogenic nuclides in sediment and bedrock on 
the surface of the Rising Star Cave. Then the corresponding denudation rates, exposure ages 
and the 26Al/10Be ratios are presented. Afterwards, the results are compared to those from other 
sites within the CoH and the disparities are explained using the hypothesis and model results. 
Chapter 7 gives the cosmogenic nuclide burial ages of sediments in the Rising Star 
Cave and their discussion. The burial ages were calculated using different approaches, which 
are presented in this section. This chapter concludes by discussing the preferred approach and 
its implications for the evolution of the Rising Star cave. 
Chapter 8 gives the background, principles and analytical methodologies of the 
uranium and thorium decay series and uranium-thorium-helium geochronology. It starts by 
providing the fundamentals of the U/Th disequilibrium and the (U,Th)-He dating methods, and 
how they are used to date carbonates. Thereafter it describes the analytical method developed 
and applied in this study to date speleothem materials collected from three fossil sites in the 
CoH. 
Chapter 9 report and describe the U/Th disequilibrium and the (U,Th)-He results 
obtained from the different experiements carried out during the developmental stages of the 
method. 
Chapter 10 is the final chapter and it is intended to give a broad discussion and 
conclusions in terms of the aims and objectives of this study. 
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Table 1.1: Absolute dating methods commonly used in palaeoanthropology (Modified from Ludwig and Renne, 2000). 
Dating Method Best age 
range 
Best 
precision 
(2σ) 
Suitable 
materials 
Strengths Weaknesses Status at the CoH 
Radiocarbon 100 a – 
40 ka 
0.1 % Charcoal, plant 
material, fiber 
Required materials are 
commonplace; high 
precision and accuracy at 
< 35 ka 
Only useful for < 50 ka material Not applicable. Fossil deposits older than the 
dating range. 
Uranium (U-
Th) series 
disequilibrium 
100 a – 
400 ka 
0.1 % Carbonate, 
silica, 
gypsum 
Pure material can yield 
very high precision 
and accuracy 
Accuracy often questionable 
for impure materials; requires 
closed system 
Applicable with success (e.g. Pickering et al., 
2007; Dirks et al., 2017) but fossil deposits 
commonly older than dating range. 
Electron Spin 
Resonance 
(ESR) 
1 ka –  
1 Ma 
15 % Carbonate, 
silicates 
Useful for wide variety 
of materials 
Low precision; difficult to 
constrain U uptake models  
 
Not common but applicable with success on 
tooth enamel (e.g. Schwarcz et al., 1994; 
Curnoe et al., 2001) especially when combined 
with U-Th series (e.g. Dirks et al., 2017). 
Optically 
Stimulated 
Luminescence 
(OSL) 
1 ka –  
1 Ma 
10 % Sand, loess, 
pottery, 
bunt flint 
Applicable to a wide 
variety of problems; 
inexpensive equipment 
Low precision; Required 
assumptions often not fulfilled 
Applied successfully for the first time by Dirks 
et al. (2017). 
Argon-
argon(40Ar/39Ar) 
and potassium-
argon (K-Ar) 
10 ka – 
4.6 Ga 
0.1 % Feldspar, 
biotite, 
Hornblende,  
K-bearing 
oxides 
Excellent precision, 
accuracy; applicable to a 
wide variety of volcanic 
rocks; few assumptions 
Mainly useful for volcanic 
minerals, suitable material not 
available in some settings 
Not applicable due to lack of volcanic layers 
synchronous with fossil deposits. Attempts on 
Fe- and Mn-oxides and hydroxides in fossil-
deposits not successful (see Makhubela et al., 
2017) 
Uranium-lead 
(U-Pb) 
10 Ma –  
4.6 Ga 
0.1 % Zircon, 
monazite, 
titanite,  
carbonates 
Excellent accuracy; 
few assumptions 
Mainly for volcanic material, 
lack of suitable material (e.g. 
carbonates with > 1 ppm U and 
free of detrital particles) 
Applicable with success on CaCO3 
speleothems (e.g. Pickering et al., 2011a,b). 
Suitable speleothems can be unavailable. 
Rubidium-
strontium 
(Rb-Sr) 
10 Ma – 
4.6 Ga 
0.5 % Igneous rocks, 
biotite, 
K-feldspar 
Excellent accuracy, 
few assumptions 
Mainly for volcanic rocks that 
are generally better dated with 
40Ar/39Ar 
Not applicable. Similar challenges to 40Ar/39Ar; 
further, not suitable for very young rocks. 
Cosmogenic 
nuclide burial 
dating 
1 ka –  
5 Ma 
10 % Mostly quartz, 
olivine, 
carbonates 
Excellent for dating of 
surfaces 
Low precision, variable accuracy 
because of poorly-known input 
parameters; very expensive 
Applicable mostly with challenges (e.g. 
Partridge et al., 2003; Granger et al., 2015) but 
can be useful (e.g. Gibbon et al., 2014) and 
improved (this study). 
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1.2 Problem statement 
Precise and accurate absolute dating of cave deposits in the CoH has been challenging 
for over five decades (Berger et al., 2002; Partridge et al., 2003; Walker et al., 2006; Herries et 
al., 2009; Pickering et al., 2010; 2011 a, b; Bruxelles et al., 2014; Granger et al., 2015; Dirks 
et al., 2015; Kramers and Dirks, 2017; Makhubela et al., 2017). Many of the multitude of 
geochronolgy techniques available today are either inapplicable in the CoH due to lack of 
suitably dateable material formed during deposition of the fossils or the deposits are older than 
the dating range of the methods (see Table 1.1). Geochonology techniques can be classified 
into two categories: radiometric and dosimetry. Radiometric dating techniques are based on 
quantifying the amount of radioactive isotopes in a material and comparing it to the amount of 
its decay products, which are formed at a known constant rate (Deino et al., 1998; Ludwig and 
Renne, 2000; Grün, 2006; Deino, 2013). Prior to applications of absolute dating, many fossils 
from the CoH were dated on the basis of biostratigraphic correlation (Vrba, 1975; 1995). 
Biostratigraphic correlation and age determination is a relative dating technique that only 
provides the sequential order of events and the stratigraphy based on the fossils contained 
within the stratigraphic units (Macleod, 2005). The radiocarbon dating method (14C dating) is 
the most widely applied precise, and accurate dating method for carbon-bearing materials such 
as bones, but it is limited to dating materials younger than 50 thousand years (Grün, 2006; 
Deino, 2013). Thus, it is not useful to date the Plio-Pleistocene fossil finds of the CoH.  
East African fossil sites are well dated using the K-Ar and its derived 40Ar/39Ar methods 
on volcanic ash layers interbedded with the fossil-bearing lacustrine and fluviatile deposits 
(McDougall, 1985; Sarna-Wojcicki et al., 1985; McDougall and Brown, 2006). Fossil-bearing 
deposits in the CoH caves are not associated with any volcanism nor potassium-bearing mineral 
phases formed during deposition (Berger et al., 2002; Pickering et al., 2011a). The uranium 
series disequilibrium (U-Th) dating method based on the production and decay of 234U and 
230Th in the 238U decay series, has been and continues to be applied with great success when 
dating CaCO3 speleothems interbedded with fossil-bearing deposits of the CoH (Pickering et 
al., 2007; Dirks et al., 2017). The drawback with this method is that when secular equilibrium 
is attained (i.e. when the rate of 230Th build-up from the decay of 234U equals the rate of decay 
of 230Th), the upper dating limit of ~ 500 kyr is also attained. Thus, the method cannot be used 
to date speleothems older than this age (Grün, 2006). The uranium-lead (U-Pb) dating method 
has also been successfully applied to CaCO3 speleothems in the CoH (Walker et al., 2006; de 
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Ruiter et al., 2009; Sutton et al., 2009; Pickering et al., 2010; Pickering and Kramers, 2010; 
Pickering et al., 2011a, b), especially when paired with palaeomagnetic work (Herries, 2003; 
Herries et al., 2006a, 2006b; Herries et al., 2009; Herries and Shaw, 2011). Although this paired 
approach works well and its applicability extends beyond the age of the caves, the challenge 
comes with finding suitable speleothems dateable with the U-Pb dating method, which is based 
on the decay scheme of 238U to 206Pb. Such speleothems should be detrital-free to avoid 
common Pb contamination and must have a U content greater than 1 ppm (Pickering et al., 
2011a). The success of paleomagnetic dating on its own requires a continuous, long-scale 
sequence characterised by reversals that can be matched with the geomagnetic polarity time 
scale (GPTS), else, ascribing an age is difficult if not impossible (Herries et al., 2006b).  
Cosmogenic nuclides burial dating, applicable for the period ~ 0.1 - 5 Ma, has become 
an important tool to date fossil-bearing deposits in the CoH (Partridge et al., 2003; Gibbon et 
al, 2014; Granger et al., 2015; Kramers and Dirks, 2017). Cosmogenic nuclides are rare 
isotopes that are produced in the atmosphere and upper few meters of the Earth surface as a 
result of cosmic radiation (e.g., Gosse and Phillips, 2001). When sediments that were exposed 
to cosmic rays on the surface are buried, the production of cosmogenic nuclides ceases, 
followed by decay of the radioactive cosmogenic nuclides.  A pair of cosmogenic nuclides and 
radionuclides (e.g. 10Be and 26Al or 10Be and 4He) that are produced at a known, fixed ratio can 
be used to deduce the burial age by measuring their concentrations and exploiting the decay 
constant/s of the radioactive nuclide/s (Balco and Rovey, 2008; Granger, 2014). Applications 
of cosmogenic nuclide burial dating at the CoH have been successful for other sites, for 
example Swartkrans Cave (Gibbon et al., 2014), but have also met with challenges at the 
Sterkfontein Cave (Partridge et al., 2003; Granger et al., 2015; Kramers and Dirks, 2017). 
Complications arise when the sediments dated have experienced complex exposure histories 
due to prior burial in caves at upper levels (shallow depths) before final burial at the sampled 
location at great depths (Kramers and Dirks, 2017).  
Two dosimetry dating techniques that continue to be used at the CoH are the Electron 
Spin Resonance (ESR) and Optically Stimulated Luminescence (OSL) dating methods. 
Dosimetry dating techniques are based on an evaluation of the rate and duration of radiation 
damage acquired by a sample in a sedimentary environment (Deino, 2013). ESR quantifies the 
age as the time of irradiation that causes radiation damage to mineral lattices, leading to the 
accumulation of paramagnetic centres formed by trapped electrons (Grün 2006; Deino, 2013). 
The sample under investigation acts as a dosimeter that records the total amount of induced 
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damage representing the accumulated radioactive dose (Grün and Stringer, 1991; Deino, 2013), 
while the local dose rate of radioactivity is derived from its concentration of radioactive 
elements and the radiation in its immediate surroundings. The method can be used for direct 
dating of the fossils when tooth enamel is used, or indirect dating when quartz is used, and the 
dating range can be up to ~ 5 Ma, although the upper age range is best defined as 1 Ma, and 
depends on the stability of the paramagnetic centres (Grün and Stringer, 1991; Grün, 2006; 
Deino, 2013). Applications of ESR at the CoH have been successful for direct dating of bovid 
and hominin tooth enamel (Schwarcz et al., 1994; Curnoe et al., 2001), and works when 
combined with U-Th disequilibrium dating (US-ESR; Grün et al., 1988) as seen in the case of 
US-ESR dating of Homo naledi’s tooth enamel (Dirks et al., 2017). The challenge with this 
technique is the difficulty with constraining the U uptake models and other factors leading to 
uncertainties in the time-integrated radiation exposure, and the precise relationship of ESR 
build-up as a function of radiation exposure over time (Deino, 2013; Dirks et al., 2017).  OSL 
dating was recently applied at the CoH for the first time with the dating of the Homo naledi 
fossils (Dirks et al., 2017). It is an indirect way to date fossils, also based on the dosimetry 
principle similarly to ESR dating, and quartz is the preferred mineral for applications. The age 
is quantified by estimating the amount of time that has elapsed since the buried sample was last 
exposed to daylight (Murray and Wintle, 2000; Deino, 2013), which would in principle render 
it ideal for sand washed into caves and buried in the dark zone at depth (e.g. Dirks et al., 2015). 
The problem is that even with recent developments the maximum upper age obtained with 
precision < 10 % is about 500 ka (Murray and Wintle, 2000; Bluszcz, 2004; Liritzis et al., 2013; 
Dirks et al., 2017).  
 
1.3 Aim and objectives of the study 
This study was carried out with the following aims and objectives: 
a) To examine the relationship between the cave sediments, the soil on the surface 
and the bedrock geology using several geochemical techniques and dating 
methods. 
b) To investigate the landscape changes of the CoH area by using in situ-produced 
cosmogenic 10-beryllium (10Be) to determine the denudation rates around the 
Rising Star Cave.  
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c) To study the development and evolution of the Rising Star Cave System by 
using the cosmogenic nuclide exposure histories of soils, given by the 26Al/10Be 
ratios, to understand the sediment pathways into the cave.  
d) To provide additional constraints on the age of the Homo naledi fossil-bearing 
sediments in the Dinaledi Chamber of the Rising Star Cave System by using the 
cosmogenic nuclide burial dating method. The ages of the fossil-bearing 
sediments have already been estimated by Dirks et al. (2017) using OSL dating 
of quartz, U/Th disequilibrium dating of calcium carbonate (CaCO3) 
speleothems, and U-series combined with ESR dating of tooth enamel. 
e) To contribute towards addressing the geochronology challenges experienced at 
the CoH by development and validation of a (U,Th)-He dating method, suitable 
to date CaCO3 speleothems older than the dating limit (~ 500 ka) of the U/Th 
disequilibrium dating method. It has been demonstrated that carbonates retain 
He in the crystal lattice at surface temperatures (Copeland et al., 2007), and by 
incorporating He analysis to U/Th disequilibrium measurements speleothems 
older than 500 ka can be dated (Copeland et al., 2007; Cros et al., 2014). 
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2.1 Geology of the Central Kaapvaal Craton 
There are ~ 35 large cratonic fragments of Archean crust, and the Kaapvaal Craton is 
one of them (Bleeker, 2003; Poujol et al., 2003). Together with the Zimbabwe Craton this 
forms the continental nucleus of southern Africa, known as the Kalahari Craton, joined together 
by the ~ 2.6 - 2.0 Ga polymetamorphic Limpopo Belt complex (James et al., 2003; Kramers & 
Mouri 2011). The assembly of the Kaapvaal Craton was through tectonic amalgamation of 
numerous, discrete terranes or blocks between 3.7 and 3.1 Ga, and include the Witwatersrand 
Block in the east, the Kimberley Block in the west and the Pietersburg Block to the north of 
the other two blocks (Figure 2.1; de Wit et al., 1992; Griffin et al., 2003; Poujol et al., 2003; 
Zeh et al., 2009; 2013). In the central part of the Kaapvaal Craton, in the Johannesburg area, 
the Archean crust is exposed in the Johannesburg Dome (Anhaeusser, 1973). The Johannesburg 
Dome (Figure 2.2) is a near circular, antiformal structure cored by Meso-Archaean (> 3.1 Ga) 
basement gneiss (Poujol & Anhaeusser, 2001; Robb et al., 2006). It is comprised of mafic and 
ultramafic volcanic rock units and a suite of tonalite-trondhjemite-granodiorite (TTG) granitoid 
rocks that intruded into these (Robb et al., 2006).  
After stabilization, this Archean crust became the basement for the deposition of the 
Mesoarchaean (~ 3.1 – 2.8 Ga) Dominion Group and the Witwatersrand Supergroup, found 
south of the Johannesburg Dome (Figure 2.1 and 2.2; Beukes & Cairncross, 1991; De Wit et 
al., 1992; Eriksson et al., 2011). The Dominion Group is a ~ 2 km-thick volcano-sedimentary 
succession with uraniferous siliciclastics, deposited around 3.07 Ga (U–Pb detrital zircon 
SHRIMP) and underlay the Witwatersrand Supergroup (Myers et al., 1989; Armstrong et al., 
1991).  The Witwatersrand Supergroup is a 7.5 km thick succession subdivided into the lower 
West Rand Group and the upper Central Rand Group. The West Rand Group is a ≤ 5 km-thick 
succession of shallow marine to fluvio-deltaic metasedimentary rocks deposited on the 
Dominion Group or granitoid-greenstone basement, and dated between 2.99 Ga and 2.91 Ga 
(Armstrong et al., 1990; Kositcin and Krapež, 2004). Unconformably overlying the West rand 
Group is the ≤ 2.8 km-thick Central Rand Group, composed of fluvial to fluvio-deltaic 
metasedimentary rocks dated between 2.90 Ga and 2.84 Ga (Kositcin and Krapež, 2004). Rocks 
of the Witwatersrand Supergroup have been affected by greenschist-facies regional 
metamorphism (Burke et al., 1985; Phillips and Myers, 1989; Frimmel, 1994; Phillips and Law, 
1994; Guy et al., 2010). The Witwatersrand Supergroup is overlain by the Ventersdorp 
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Supergroup with a mostly angular unconformity referred to as the Ventersdorp Contact Reef 
(Strik et al., 2007). The Ventersdorp Contact Reef belongs to the Venterspost Formation, a thin 
fluvial auriferous conglomerate unit, which is the base of the Ventersdorp Supergroup and has 
been determined to have a maximum age of 2.72 Ga (Kositcin and Krapež, 2004). The entire 
Ventersdorp Supergroup with an approximate stratigraphic thickness of 8 km, is reported to 
have been deposited during 2.72 – 2.63 Ga (Manzi et al., 2013). It comprises the Klipriviersberg 
Group composed of ultramafic and mafic metavolcanic rocks, and the Platberg Group which 
is composed of sedimentary rocks and bimodal volcanic rocks (Eriksson et al., 2011; Strik et 
al., 2007; Manzi et al., 2013).  
 
Figure 2.1: Map outlining the Kaapvaal Craton, which formed through tectonic amalgamation of numerous, 
discrete terranes or blocks including the Witwatersrand Block, the Kimberley Block and the Pietersburg Block. 
The major geological units of the Mesoarchaean to Palaeproterozoic supracrustal successions and intrusions are 
also shown. 
Overlying the Ventersdorp Supergroup is the Transvaal Supergroup, a Neoarchaean to 
Palaeoproterozoic supracrustal sequence deposited during the period between ~ 2.58 Ga - 2.46 
Ga (Armstrong et al., 1991; Barton et al., 1994; Walraven and Martini, 1995; Sumner & 
Bowring, 1996; Catuneanu & Eriksson, 1999, 2002; Eriksson et al., 2001, 2006; Sumner and 
Beukes, 2006).  The relatively thin Black Reef Formation, the basal lithostratigraphic unit of 
the Transvaal Supergroup stratiform sequence, unconformably overlies the Ventersdorp 
Supergroup. The Transvaal Supergroup is preserved in three structural basins of the Kaapvaal 
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Craton (Figure 2.3), which are the Transvaal Basin in north-eastern South Africa, Griqualand 
West Basin in western South Africa, and the Kanye Basin in south-eastern Botswana (Eriksson 
& Altermann, 1998). The total areal extent of the entire Transvaal Supergroup in all basins is 
estimated to be at least 600 000 km2 (Beukes, 1987; Tankard et al, 1982). The stratigraphic 
thickness of the Transvaal Supergroup is estimated to be up to 11 km (Button, 1976), and can 
be generally sub-divided into a basal formation and two groups. The Transvaal Supergroup can 
be best correlated at the level of the lower chemical sedimentary units.  The upper clastic 
sedimentary and volcanic lithologies are less well correlated, especially after the age of the 
Ongeluk Formation lavas was revised from ~ 2.22 Ga ~ 2.43 Ga (Gumsley et al.; 2017).  
Figures 2.4 and 2.5 give detailed lithostratigraphic correlations.  
 
Figure 2.2: Geological map of the Johannesburg Dome, a near circular, antiformal structure cored by Meso-
Archaean (> 3.1 Ga) basement gneiss. The Cradle of Humankind (CoH) is a demarcated area on the Malmani 
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Subgroup dolomite along the western margin of the dome. The major fossil sites are shown by the yellow squares 
(legend for site numbers given on Figure 2.6) and the study area is indicated using the red star. Modified from 
Dirks and Berger (2013). 
 
 
Figure 2.3: Map showing the distribution of the Transvaal Supergroup, preserved in three structural basins of 
the Kaapvaal Craton, which are the Transvaal Basin in north-eastern South Africa, Griqualand West Basin in 
western South Africa, and the Kanye Basin in south-eastern Botswana. The Fossil Hominid Sites of South Africa 
are only confined to the dolomite sequences in the Transvaal Basin. Modified from Moller et al. (2014). 
 
In the Transvaal Basin, the basal formation is called the Black Reef Formation, 
predominantly consisting of quartz arenites and subordinate conglomerates and mudrocks 
(Eriksson et al., 2006). The Black Reef Formation is overlain by the Malmani Subgroup, which 
is the lower succession of the Chuniespoort Group. The Malmani Subgroup is up to 2000 m 
thick and is subdivided into five formations (Figure 2.4), based on chert content, stromatolite 
morphology, intercalated shales and erosion surfaces (Button, 1973; Eriksson et al., 2006). The 
five formations, briefly described below from the detailed descriptions of Eriksson et al. 
(2006), are the lowermost Oaktree, the Monte Christo, Lyttelton, Eccles and uppermost Frisco 
Formations. The Oaktree Formation is transitional from siliciclastic sedimentation to platform 
carbonates and consists of 10-200 m of carbonaceous shale, stromatolitic dolomite and locally 
developed quartzite. A tuff layer towards the top of the Oaktree Formation has been dated at 
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2.59 Ga (Martin et al., 1998). The overlying 300-500 m thick Monte Christo Formation begins 
with an erosive breccia and continues with stromatolitic and oolitic platformal dolomite (a 
diagenetic product after primary limestone; Eriksson & Altermann, 1998). The middle 
Lyttelton Formation is composed of 100-200 m of shale, quartzite and stromatolitic dolomite, 
and is overlain by the 600 m thick Eccles Formation which includes a series of erosion breccia 
layers. The 400 m thick Frisco Formation, separated from the underlying Eccles Formation by 
an erosion breccia, comprises mainly stromatolitic dolomite, and becomes more shale-rich 
towards the top, reflecting deepening depositional conditions. Rocks of the Transvaal 
Supergroup have also been affected by low grade regional metamorphism, similar to the 
Witwatersrand and Ventersdorp Supergroups, (Alexandre et al., 2006). Ductile deformation 
comprised of layer-parallel shear zones, folds and cleavage planes that generally strike E-W 
and dip to the south is also reported for the Malmani Subgroup dolomite (Alexandre et al., 
2006). This ductile deformation is associated with a tectono-metamorphic event (termed the 
Transvaalide orogeny), dated to 2.04 Ga using 40Ar/39Ar dating of syn-kinematic sericite 
(Alexandre et al., 2006). Another possibility is that the emplacement of the Bushveld Complex 
is responsible due to the observed widespread fluid-related alteration. The Vredefort impact (~ 
2.02 Ga; Kamo et al., 1996; Moser, 1997; Graham et al., 2005) to the south of the Johannesburg 
Dome and the Witwatersrand Basin, is believed to postdate the regional metamorphism 
(Gibson and Wallmach, 1995; Reimold and Gibson, 2006). 
The upper part of the Chuniespoort Group, overlying the Malmani Subgroup, is 
composed of the Penge Formation and the Duitschland Formation. The Penge Formation is the 
only banded iron-formation unit in the Transvaal Basin, and it is uncomformably overlain by 
the Duitschland Formation (Dirks and Berger, 2013).  The upper Pretoria Group of the 
Transvaal Basin is approximately 6-7 km thick and is subdivided into nine Formations (from 
the base up): Rooihoogte, Timeball Hill, Boshoek, Hekpoort, Dwaalheuwel, Strubenkop, 
Daspoort, Silverton and Magaliesberg. The basal Rooihoogte Formation overlies a deeply 
weathered karstic palaeo-topography developed on the Malmani Subgroup carbonates, which 
have sinkholes filled with manganese debris known as wad (Eriksson et al., 2006). It is 
commonly composed of a chert breccia that, in some places, has been reworked to form chert 
conglomerate, which can be up to 250 m thick in the northwest part of the basin (Eriksson, 
1988). Chert rich sandstones and mudstones that grade to immature sandstones locally also 
form part of the Rooihoogte Formation (Eriksson, 1988). The Timeball Hill Formation contains 
thick shales and subordinate sandstones, with a prominent quartzite unit known as the 
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Klapperkop Quartzite Member (Eriksson et al., 2006). The Boshoek Formation is comprised 
of immature conglomerates and sandstones, and conformably overlain by > 1000 m basaltic-
andesitic lavas of the Hekpoort Formation (Reczko et al., 1995). The overlying formations are 
predominantly mudrocks alternating with sandstones, conglomerates and diamictites (Eriksson 
et al., 2006).  
 
Figure 2.4: Detailed lithostratigraphic correlation of the lower Transvaal Supergroup across the three basins. 
The chemical sedimentary units are well correlated than the upper clastic sedimentary and volcanic lithologies. 
The fossil-bearing caves in the CoH occur in the lowermost three formations of the Malmani Subgroup 
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stromatolite-rich dolomite. * The age of the Ongeluk Formation has been revised to ~ 2.43 Ga (see Figure 2.5). 
Modified from Eriksson et al. (2006). 
 
The Bushveld Igneous Complex, the largest layered intrusion in the world, intruded the 
Transvaal Supergroup to the north of the Johannesburg Dome at a relatively shallow crustal 
level < 12 km, and the emplacement lasted less than 1 Ma around 2.06 Ga (Walraven and 
Martini, 1995; Olsson et al. 2010; Zeh et al., 2015). The complex, with a surface area of about 
65 000 km2, is composed of ultramafic-mafic layered rocks of the Rustenburg Layered Suite, 
and the felsic rocks of the Rooiberg Group lavas, the Rashoop Granophyre Suite and the 
Lebowa Granite Suite (Cawthorn and Walraven, 1998; Cawthorn, 2015). Rocks of the Late 
Carboniferous to Middle Jurassic Karoo Supergroup cover the central Kaapvaal Craton where 
rocks of the Archean basement and the supracrustal rocks of the Neoarchean to 
Paleoproterozoic are not outcropping (Johnson et al., 2006).  
2.2 Geology and Geomorphology of the Cradle of Humankind 
The CoH is located along the northwest margin of the Johannesburg Dome Archean 
basement rocks (Figure 2.2). Only a few studies have investigated the broader geology and 
geomorphology of the CoH, and a lot of what is known about the CoH stems, indirectly, from 
studies of the different fossil-bearing caves and their deposits (e.g. Partridge, 1973; Martini et 
al., 2003; Dirks et al., 2010; Dirks and Berger, 2013). The geology of the cave fill sediments, 
mainly from the Sterkfontein Cave, have been instrumental in understanding the processes and 
controls over sedimentation, and are detailed in Cooke (1938), Haughton (1947), Brain (1958; 
1995), Wilkinson (1973; 1985), Partridge (1978; 2000), Clarke (1994), Pickering (2005; 2007). 
These deposits differ extensively from the deposits in the Rising Star cave system (Dirks et al., 
2015), and thus, they are not summarised. 
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Figure 2.5: Revised stratigraphy of the Transvaal Supergroup. Modified from Gumsley et al. (2017). 
 
In the demarcated area of the CoH area, the outcropping geology is mostly the 
stromatolite-rich dolomite of the Malmani Subgroup, where many of the fossil-bearing caves 
occur along the contacts of the different formations (Dirks and Berger, 2013; Figure 2.6). 
Basement granitoids and volcanics, the quartzite of the Witwatersrand Supergroup’s lower 
West Rand Group and shales of the Ventersdorp Supergroup outcrop on the eastern and 
southeast edges of the demarcation (Figure 2.6). The Black Reef Formation prominently 
separates the dolomite from the basement and underlying supracrustal rocks, which it 
unconformably rests on. The thickness of the dolomite ranges between 1450 m and 1800 m 
(Eriksson and Truswell, 1974; Walraven and Martini, 1995). The basal Oaktree Formation 
ranges between 150 – 200 m, and it is chert-poor with thin (< 2 m thick) shale interbeds (Martini 
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et al., 2003; Dirks and Berger, 2013). Two tuff seams have been identified as stratigraphic 
markers within the Oaktree Formation (Martini et al., 2003). One is a 4 – 5 m thick chert bed 
that sporadically occurs at the base of the formation. The other, dated to 2.59 Ga by Martin et 
al. (1998), is a pale greenish-grey shale with traces of microscopic glass shards up to 30 cm 
thick, occurring 8 – 10 m below the top of the formation. The overlying Monte Christo 
Formation begins with an erosive breccia and changes to chert-rich oolitic and stromatolitic 
dolomite, which are interbedded with thin (< 50 cm) shale horizons (Martini et al., 2003; 
Eriksson et al., 2006; Dirks and Berger, 2013). The thickness of the Monte Christo Formation 
ranges from 600 – 700 m and the stratigraphic top is a ~ 5 m thick layer of sheared chert-breccia 
in dolomite matrix (Dirks and Berger, 2013). The Sterkfontein Cave is positioned along the 
contact of the Oaktree and Monte Christo Formations (Martini et al., 2003). The Lyttelton, a 
100 – 200 m thick unit of chert-free (although sporadic stringers and partings of chert are 
present) well-bedded and laminated stromatolitic dolomite with shale and quartzite interbeds, 
follows the Monte Christo Formation (Truswell and Eriksson, 1974; Eriksson et al., 2006). 
Towards the top, the Lyttelton Formation has a 10 – 15 m wide chert-dolomite breccia horizon.  
The chert layer is highly deformed, folded and broken into angular blocks within a dolomite 
matrix (Dirks and Berger, 2013). Overlying the Lyttelton Formation is the chert-rich dolomite 
of the Eccles Formation with thicknesses up to 600 m thick (Dirks and Berger, 2013). The 
stratigraphic top of the Eccles Formation is an erosive chert breccia, believed to separate it 
from the Frisco Formation, which is not present at the CoH (Eriksson et al., 2006; Dirks and 
Berger, 2013). The Penge and Duitschland Formations are also not present at the CoH, and so 
the Rooihoogte Formation, formed above an irregular karstic palaeo-topography, rests on the 
dolomite (Figure 2.6). There is a low-angle angular unconformity between the Rooihoogte 
Formation, which gently dips to the northwest at 3 – 10°, and the underlying dolomite dipping 
at 17 - 18° in the same direction (Dirks and Berger, 2013). The Timeball Hill Formation is a 
prominent unit towards the western edge of the demarcation, together with some limited 
outcrops of the Hekpoort Formation (Figure 2.6). 
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Figure 2.6: Geological map of the CoH along the western margin of the Johannesburg Dome, compiled from the 
2526 Rustenburg and 2626 West-Rand 1:250 000 geological maps. Most of the hominin fossil sites in the CoH 
occur along formational contacts within the Malmani Subgroup dolomite. Note that the uppermost Frisco 
Formation of the Malmani Subgroup, as well as the overlying Penge Formation, are not exposed in the CoH after 
deep erosion forming the unconformity between the Eccles and Rooihoogte Formations (Dirks and Berger, 2013). 
Modified from Makhubela et al. (2017). 
In terms of topography, the CoH is located between the Bushveld in the north (1000 - 
1100 m) and the escarpment of the Highveld (1500 – 1900 m) in the south, formed by quartzite 
of the Witwatersrand Supergroup (Figure 2.2 and 2.7; Martini et al., 2003; Dirks and Berger, 
2013). It has an erosional landscape characterized by elements of the various African erosion 
surfaces (Burke and Gunnell, 2008; Partridge, 2010), incised by the headwaters of the 
Crocodile River (Dirks and Berger, 2013). Rocks of the Transvaal Supergroup shallowly dip 
away from the Johannesburg Dome, giving the area a rolling or undulating low relief 
topography accentuated by quartzite and chert ridges (Martini et al., 2003; Dirks and Berger, 
2013). As the landscape rises from the north to the south, it is drained by two tributaries of the 
Crocodile River (Figure 2.7; Dirks and Berger, 2013). The Blaubankspruit River drains the 
southern area, while the Skeerpoort River drains the northern part. All the major fossil-bearing 
caves are located within the catchments of these two tributaries which have localized 
topographic complexities preferred by hominins for occupation (King and Bailey, 2006; Bailey 
et al., 2001; Reynolds et al., 2011; Dirks and Berger, 2013). 
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Figure 2.7: Digital terrain model (red > 1700 m; purple < 1100 m) of the CoH. The landscape is drained by two 
tributaries of the Crocodile River (KR): the Blaubankspruit River (BBS) to the south and the Skeerpoort River 
(SKR) to the north. Yellow squares show the major fossil-bearing caves, and the study area is indicated by the 
star. Distribution of the caves in the CoH is shown by the blue circles. Insert shows that the Rising Star, 
Swartkrans, Sterkfontein caves have a similar topography. Modified from Dirks and Berger (2013). 
 
The majority of research in the CoH has been focused on the fossils and cave deposits, 
and thus, little is known about the geomorphological history and rate of landscape change. 
Recently, several studies have used cosmogenic nuclides to estimate denudation rates in the 
CoH. Dirks et al. (2010) used vein quartz in bedrock from a chert capped plateau above the site 
of the Malapa Cave (Figure 2.7) to estimate a denudation rate of 3.6 ± 1.1 m/Ma. Dirks et al. 
(2016) used stream sediments and silicified chert conglomerate dykes to determine a basin-
averaged denudation rate of 3.44 ± 0.31 m/Ma for the six sub-catchments draining the CoH. 
Using a soil sample from the surface above the Sterkfontein Cave, Granger et al. (2015) 
estimated a denudation rate of 5.5 ± 0.5 m/Ma. All the denudation rates derived in the CoH 
using cosmogenic nuclides are similar, and average around 4 m/Ma. Dirks and Berger (2013) 
estimated denudation rates of 24-28 m/Ma using field observations around the Malapa Cave, 
and suggest that these rates are due to the differential erosion between chert breccia and 
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dolomite. However, Dirks et al. (2016) concluded that the landscape of the CoH is old and has 
been eroding slowly during the last 3 Ma, regardless of catchment size or underlying geology.  
 
Figure 2.8: Mapped passageways connecting several chambers of the Rising Star Cave System. The Homo naledi 
fossils have been found in two chambers located ~ 30 m below the surface: the Dinaledi (UW101) and Lesedi 
(UW102) Chambers. The Dinaledi Chamber lies ~ 80 m away from the present and nearest entrance into the cave 
system, and can only be accessed through the hominin fossil-barren Dragon’s Back Chamber. Modified from 
Hawks et al. (2017). 
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Figure 2.9: Three-dimensional representation of the Rising Star cave system showing the chambers along the 
route from the entrance to the Dinaledi Chamber and the position of the Dinaledi Chamber relative to the ground 
level. Scale bar indicates both horizontal and vertical scale. Modified from Kruger et al. (2016). 
 
2.3 The Rising Star Cave 
2.3.1 The cave system 
The Rising Star Cave is situated in the Bloubank River valley near the confluence of 
the Bloubankspruit and the spring-fed Rietspruit, 1100 m west of Swartkrans Cave and 2250 
m west of Sterkfontein Cave (Figure 2.7). The cave system covers an area of 250 × 150 m and 
comprises many mapped passageways connecting several chambers (Figures 2.8 and 2.9; Dirks 
et al., 2015; Hawks et al., 2017). The Homo naledi fossils have been found in two chambers 
located ~ 30 m below the surface: the Dinaledi and Lesedi Chambers, also known as Chamber 
101 and 102, respectively (Dirks et al., 2015; Hawks et al., 2017). The Dinaledi Chamber lies 
~ 80 m away from the present and nearest entrance into the cave system, and can only be 
accessed through the hominin fossil-barren Dragon’s Back Chamber (Figures 2.8 and 2.9; 
Dirks et al., 2015). The Dinaledi Chamber itself is accessible via two routes that involve steep 
climbs along narrow fractures and tight passages. Route 1 is the most direct, formed along an 
east-northeast trending passage that follows a fracture for a horizontal distance of ∼ 50 m past 
a narrow access point called the ‘postbox’ (Dirks et al., 2015). Route 2 occurs along a more 
complicated set of broadly east-trending passages, via a network of southeast, east and north 
trending fractures for ∼ 120 m, and past a narrow access point called ‘superman crawl’ (Dirks 
et al., 2015). The problem with route 1 is that at the deeper parts of the cave system, it contains 
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abundant sediment accumulations. Although route 2 is longer, it has a gentle gradient and the 
narrow fissures are largely devoid of sediment accumulations, hence it was the frequently used 
access route during the excavations. The Lesedi Chamber is accessible from the surface via 
four routes, and it is separated from the Dinaledi Chamber by a traversable route that is ~ 145 
m long (Hawks et al., 2017). 
 
 
 
Figure 2.10: The Rising Star Cave occurs within the core of a gently southwest plunging, upright fold, associated 
with west-northwest trending faults and shear fractures and associated joints. Some of these fractures are 
associated with chert vein stockworks linked to the formation of the Rooihoogte formation, which formed in 
response to crustal extension (Dirks et al., 2013). Modified fFrom Dirks et al. (2015). 
 
2.3.2 Surface geology and geomorphology 
In its upper reaches, the Bloubank River has incised into the dolomites of the Malmani 
Subgroup to form a broad valley. The Rising Star Cave occurs in a 15 – 20 m thick, relatively 
chert-poor, dolomite intercalation in the lower part of the Monte Christo Formation, within the 
core of a gently southwest plunging, upright fold (Figure 2.10; Dirks et al., 2015). The cave 
system is associated with west-northwest trending faults and shear fractures and associated 
joints. Some of these fractures are associated with chert vein stockworks of the type described 
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by Dirks et al. (2010) and Dirks and Berger (2013) linked to the formation of the Rooihoogte 
formation, which formed in response to crustal extension (Dirks et al., 2013). Entrances into 
the Rising Star Cave are located along a NE-facing scarp that reaches a maximum height of 8 
m, and a slope of 15 – 20° (Figure 2.11). The top of the scarp forms a pronounced break in 
slope, which coincides with a 0.8 – 1.2 m thick chert horizon that also forms the roof to the 
Dinaledi Chamber (Figure 2.10). On the surface above the Rising Star Cave, the 
Bloubankspruit riverbed is at an elevation of ~ 1460 m, the main entrance to the cave occurs at 
an elevation of ~ 1473 m, and the surface above the scarp reaches ~ 1485 m altitude (Figure 
2.11). The dolomite bedrock consists of alternating chert-rich and chert-poor portions (Figure 
2.10), and stromatolites are common throughout, with large (> 1 m diameter) domal 
stromatolites being common in the chert-poor portions of the dolomite. Outcrops of the 
shallowly dipping dolomite bedrock occur across most of the study area. However, along the 
current valley floor, bedrock is covered by a blanket of alluvial sediments, the thickness and 
distribution of which is, in part, controlled by a fault (Figure 2.11).  
 
Figure 2.11: Map of elevation contours of the Rising Star area (1 m interval, from an unmanned aerial vehicle 
photograph). North of the fault, there are no outcrops of the dolomite and the bedrock is at a depth of ~ 22 m. 
Modified from Makhubela et al. (2018). 
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Exposure of the dolomite is intermittent and concentrated along scarps and chert-rich 
units (Figures 2.11). In contrast, exposure along flat areas is generally poor, and there are 
outcrop-free areas measuring tens of meters in extent. In areas of more extensive exposure (e.g. 
in the area immediately west of Rising Star scarp), the nature of the karst surface can be 
observed, and is seen to be highly irregular with solution holes and fissures reaching several 
meters deep. Within the sub-catchment, numerous remnants of partly or fully eroded cave 
systems can be found. As a result of the irregular nature of the karst surface, the soil thickness 
can vary from zero to 3-4 m over short distances. A ground magnetic survey of the site has 
shown that this variability in soil thickness exists across the study area (Naidoo, 2016).  Similar 
variations in soil thickness have also been described from the Drimolen site, ~ 7 km to the NE, 
where they have been linked to karst solution tubes formed from dissolution of calcified 
sediments by tree roots (Rovinsky et al., 2015; Armstrong et al., 2018).  
 
Figure 2.12: Photographs of outcrops and karstic features. (a) The chert horizons sampled for this study occur 
at the same level with the dolomite bedrock. (b) Small-scale karst features (dissolution hollows, thin channels, 
fissures) on jointed dolomite. (c) Wad coated chert forming protective cover over dolomite. (d) Milky quartz vein 
cutting through dolomite bedrock.  
 
Around Rising Star Cave, outcropping dolomite has a distinctive brown-greyish 
“elephant skin” weathering texture with abundant jointing and small-scale karst features such 
as dissolution hollows, thin channels and fissures (Figure 2.12). Chert-rich units have chert 
horizons with thicknesses up to 10 cm, and they spall as large, irregularly shaped chunks. Some 
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dolomite layers with distinct yellow weathering are sandy and contain a high proportion (up to 
~ 10 wt. %) of fine-grained quartz sand and silt (Paul Dirks, personal communication 2017). 
The dolomite is crosscut by abundant milky quartz veins (Figure 2.12 D) trending N and NNE, 
which, in some places, merge with strata-parallel chert layers. Fresh surfaces of the chert are 
grey and translucent, and weather to white, off-white or a distinct rust-like orange due to 
oxidized ferromanganese coatings that result from the decomposition of Mn-rich dolomite 
(Figure 2.12 C; Martini et al., 2003).  
 
Figure 2.13: Cartoon illustrating the geological and taphonomic context, and the distribution of fossils, sediments 
and flowstones within the Dinaledi Chamber. Three stratigraphic units, separated by erosional unconformities 
and laterally continuous flowstone intercalations, have been identified. Erosion remnants of these units occur at 
a variety of stratigraphic positions, and provide evidence for several cycles of sediment-flowstone fill within the 
chamber, as sediment is periodically washed down floor drains in the chamber. Adapted from Dirks et al. (2015). 
 
2.3.3 Geology and sedimentology of the Dinaledi Chamber 
The geology and sedimentology of the sediments deposited within the Dinaledi 
Chamber is reported in detail by Dirks et al. (2015; 2017). Here I present a summary. At this 
stage, little has been published about the geology and sedimentology of the Dragon’s Back 
Chamber because it does not contain any hominin fossils. The fossil-bearing deposits of the 
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Dinaledi Chamber differ from other hominin sites at the CoH because the hominin fossils are 
preserved in largely unconsolidated to semi-consolidated sediment composed of mud, as 
opposed to the calcified breccia found in other sites (Dirks et al., 2015).  
From remnants adhering to the walls of Dinaledi Chamber, it can be seen that it was 
exclusively filled by flowstone and fine-grained sediment. Coarse-grained clastic deposits 
occur in the adjoining Dragon’s Back Chamber. These coarse-grained clastic deposits include 
channelized sandstone and quartz/chert pebble conglomerate units that terminate against the 
Dragon’s Back dolomite block separating the two chambers. From the fine-grained sediment 
of the Dinaledi Chamber, two depositional facies have been identified. They are distributed 
across three stratigraphic units, which are separated by erosional unconformities and laterally 
continuous flowstone intercalations. Erosion remnants that occur at a variety of stratigraphic 
positions provide evidence for several cycles of sediment-flowstone fill within the Dinaledi 
Chamber, as sediment was periodically washed down floor drains in the chamber (Figure 2.13). 
Facies 1 is horizontally-laminated orange-brown mudstone with sandstone lenses, and is sub-
divided into two sub-facies 1a and 1b (see Dirks et al., 2015). Facies 1a is unconsolidated 
orange mud with very low sand content, but contains Mn- and Fe-oxide and hydroxide 
concretions. It occurs as accumulations atop blocks and in fissures and more commonly as 
erosional remnants. Facies 1b is orange-brown mudstone interlaminated with thin (few mm 
thick) lenses of silt to fine- to medium-grained sand containing abundant micromammal fossil. 
It is restricted to isolated erosion remnants on the floor and to crevices in the dolomite above 
the floor. No hominin fossils were found in Facies 1. Facies 2 consists of unconsolidated to 
consolidated, orange-brown mud clast breccia in a mud matrix. It consists of non-layered mud 
clast breccia surrounded by a matrix of brown mud with localised patches of sparry carbonate 
cement. The clasts consist predominantly of laminated orange-brown mud as found in Facies 
1, with minor pebble to cobble-sized, angular clasts of dolomite and chert from the cave walls. 
No reworked flowstone clasts have been observed in Facies 2. The Homo naledi fossil bones 
are found in the unit composed of Facies 2.  
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Figure 2.14: Stratigraphic column of sedimentary units and flowstones in the Dinaledi Chamber showing the 
ages assigned for the different deposits. After Dirks et al. (2017). 
 
Three generations of flowstone formation were identified and used to distinguish 
between the different stratigraphic units (Figure 2.14). These flowstones were dated by Dirks 
et al. (2017) using the U-Th disequilibrium method. The oldest (242-290 ka) generation of 
flowstones in the chamber formed a group of five, spatially associated flowstone drapes 
denoted Flowstones 1a – e (Figure 2.13). This group of flowstones is preserved as hanging 
erosion remnants with rounded edges, near the entrance into the chamber (Figure 2.15 A). All 
remnants of Flowstone 1 dip ∼ 20 – 30° south towards the bottom of the cave chamber. The 
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second generation (88-105 ka) represents the most significant phase of flowstone development 
in the Dinaledi Chamber. Denoted Flowstone 2, these flowstones form cascades emanating 
from fractures in cave walls and the cave roof throughout the chamber. They flow down the 
cave walls and spread out across the cave floor forming thin flowstone drapes on top of poorly 
consolidated sediment of Facies 2 containing Homo naledi fossils (Figure 2.15 B-C). In some 
parts of the chamber, they cover erosional remnants of Facies 1a. Flowstone 3 represent a 
generation of young flowstones that are still in the process of forming (< 32 ka). They are 
primarily restricted to the chamber ceiling, forming delicate needle- and rod-like forms that 
include well-formed crystals of aragonite. They are common by the entrance, where minor 
dripstone is also forming on the walls and on top of Flowstone 1 and 2. Stalagmites, formed by 
dripstone accumulations, have formed on the chamber floor, and cover Flowstone 2 in the 
lower parts of the chamber.  
 
 
Figure 2.15: Stratigraphic units and flowstones observed in the Dinaledi Chamber. (A) Shows distribution of 
Flowstones 1 and 2, and stratigraphic Units 2 and 3. Flowstones 1 are preserved as hanging erosion remnants 
on the walls of the chamber. Flowstones 2 form cascades emanating from fractures in cave walls and the cave 
roof, and spread out across the cave floor forming thin flowstone drapes on top of poorly consolidated sediment 
of Unit 3. (B) Shows a large erosional remnant of Unit 1 on the chamber floor, surrounded by mud-clast breccia 
of Unit 3. Note that Flowstone 2 has been undercut by post-depositional erosion of Unit 3, which, in this location 
has resulted in a lowering of the floor by as much as 25 cm. (C) Shows Unit 3 preserved as a remnant beneath 
Flowstone 2. Photographs from Dirks et al. (2015). 
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The stratigraphy of the Dinaledi Chamber has been revised by Dirks et al. (2017) 
following their dating of sediments, flowstone and three Homo naledi teeth using OSL, U-Th 
disequilibrium and ESR dating techniques, respectively (Figure 2.14). Three separate units 
defined based on the sedimentary facies, stratigraphic superposition and distribution of 
flowstones were described by Dirks et al. (2015). Unit 1 was identified as the oldest 
stratigraphic unit represented by outcrops of Facies 1, followed by Unit 2 which is composed 
of Facies 2 sediment. Unit 3, accumulated on the chamber floor, was identified as the youngest 
stratigraphic unit predominantly composed of unconsolidated sediment of Facies 2. Ages 
presented in Dirks et al. (2017) have led to the reordering of these stratigraphic units. Unit 2 is 
now interpreted as the oldest stratigraphic unit in the Dinaledi Chamber. This unit is covered 
by flowstone 1a, which has an older age limit of 683 ka and reversed magnetic polarity that 
indicates the flowstone formed before 780 ka (Dirks et al., 2017). Unit 1 has been subdivided 
into three sub-units (1a, 1b and 1c), whereas Unit 3 has been subdivided into two sub-units (3a 
and 3b). Sub-unit 3a is interpreted as the second oldest stratigraphic unit because it contained 
a baboon tooth with a possible age range of 487 ka to 904 ka. Sub-unit 1a then becomes the 
third oldest unit with an upper OSL age of 414 ka. Sub-unit 1b has two OSL ages with upper 
limits of 272 ka and 278 ka, which support the interpretation that Sub-unit 1b formed due to 
erosion and re-deposition on top of Sub-unit 1a (Dirks et al., 2017). Sub-unit 3b is interpreted 
to have formed from the reworking of Units 1 and 2, and it is covered by Flowstone 1c with an 
upper age limit of 250 ka. All the Homo naledi- bearing sediments in the Dinaledi Chamber 
are now interpreted as Sub-unit 3b. The lower age limit of 236 ka for Flowstone 1c provides a 
minimum age estimate for the Homo naledi fossils in the Dinaledi Chamber. 
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3.1 Cave samples dated using the 40Ar/39Ar method 
The deposits in the Dinaledi Chamber are unconsolidated to semi-consolidated ‘cave 
earth’ and sediments with little to no calcification. Cave earth is fossil-bearing residual 
accumulation of insoluble materials on the floor of a cave, commonly covered by a thin layer 
of speleothem such as CaCO3 flowstones (Armstrong, 1932; Merriam-Webster, 2018). Three 
samples (UW101-SO31, UW101-SO34, UW101-SO39; hereinafter referred to as SO31, SO34 
and SO39), belonging to Unit 3b cave earth sediment were collected by the Rising Star 
Expedition team from the small excavation pit where ~ 1250 fossil bones were collected (Dirks 
et al., 2015). These samples were collected with the intention to determine and constrain the 
timing of deposition for the Homo naledi fossils in the Dinaledi Chamber, in addition to 
analysing the geochemistry of the sediments encasing the fossils. Soil sample DB1 from the 
floor near the entrance to the Dragon’s Back (DB) Chamber was added to the three samples for 
comparison.  
SO31 is very coarse-grained (Figure 3.1 A) with abundant angular orange mudstone 
clasts (up to 5 mm), bone fragments (up to 3 mm) and minor iron- and manganese-oxide and 
hydroxide (hereinafter Fe-Mn-oxyhydroxide) concretions (up to 2 mm). The orange mudstone 
clasts and Fe-Mn-oxyhydroxide phases are part of Facies 1a (Dirks et al., 2015). The abundance 
of micromammal fossil bones indicates that this sample also contains Facies 1b sediment even 
though the orange-brown mudstones are not common.  The clasts and bone fragments in this 
sample are coated black by Fe-Mn-oxyhydroxide.  Samples SO34 and SO39 have a similar 
composition to SO31 for the framework grains. SO39 is also very coarse-grained and angular 
(Figure 3.1 B), but with a lot more fine-grained material than SO31. It contains both the orange 
mudstones and the orange-brown mudstones, and the fragments are coated. The orange 
mudstones in this sample are distinctly lighter coloured than in the other samples and very 
abundant. Bone fragments are not as abundant but larger in size, and with little to no coating. 
The Fe-Mn-oxyhydroxide concretions are not observable with the naked eye, probably because 
they are finer-grained in this sample. SO34 is a dark, coarse-grained sample that contains few 
rounded to well-rounded mudstone clasts greater than 2 cm (Figure 3.1 C). It contains abundant 
bone fragments commonly < 2 mm in size. The mudstones are more thickly coated than the 
bone fragments. Fe-Mn-oxyhydroxide crust fragments up to 2 mm are abundant, and 
rhombohedral calcite crystals rarely occur with grain sizes up to 3 mm. The DB1 sample is a 
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sandy sample with abundant very coarse-grained (up to 2 cm), angular clasts of chert and 
dolomite, and abundant detrital quartz (Figure 3.1 D). It also contains minor fossil bones of 
micromammals and abundant Fe-Mn-oxyhydroxide crusts and concretions. Angular to rounded 
orange mudstone clasts < 5 mm were also observed. 
Table 3.1: Bulk chemistry of cave earth samples (wt. %). 
 DB1 SO31 SO34 SO39 
SiO2 84.68 51.33 51.16 51.79 
TiO2 0.37 0.7 0.62 0.7 
Al2O3 4.33 15.85 13.96 16.2 
MnO 0.88 3.92 4.26 4.32 
Fe2O3 3.73 10.43 10.7 10.95 
MgO 0.46 3.21 4.01 3.1 
CaO 0.62 2.13 2.4 1.06 
K2O 0.48 1.52 1.35 1.61 
Na2O 0.06 0.1 0.09 0.08 
P2O5 0.16 0.97 0.48 0.29 
BaO - 0.06 0.06 0.06 
SO3 - 0.09 0.1 - 
LOI 3.27 9.02 9.84 9.04 
Sum 99.04 99.33 99.03 99.2 
 
3.2 Mineralogy and textures of cave samples 
Only the dominant mineral phases were identified based on the score values obtained 
from the High Score® software (Degen et al., 2014), which was used to refine the x-ray 
diffractograms (see Table B1.1 and Figures B1.1-B1.4 in Appendix B). Quartz and muscovite 
were identified in all the samples with high scores compared to other minerals. Hematite was 
identified with high scores only in the Dinaledi samples. Goethite (FeO(OH)) and birnessite 
((Na,Ca,K)(Mn4+,Mn3+)2O4 · 1.5H2O) were only identified in the SO31 sample with low scores 
but great certainty. Other minerals identified with low scores and great certainties are dolomite 
((CaMg)(CO3)2) in SO34 and kaolinite (Al2Si2O5(OH)4) in SO39. In the DB1 sample, only 
quartz and muscovite could be identified using the XRD. Acid tests were consistent with XRD 
and showed all samples to be free of calcite or aragonite (apart from the occasional calcite 
rhombohedra). The bulk chemistry of these samples was determined using x-ray fluorescence 
(XRF, see Appendix A for details of the XRF methodology). All the Dinaledi samples have 
uniform chemistry, but that of DB1 is fundamentally different (Table 3.1). DB1 contains 30 
wt. % SiO2 more than the Dinaledi samples but the other major element oxides are significantly 
lower. The Dinaledi samples have > 10 wt. % Al2O3 content more than DB1. The loss on 
ignition (LOI) values in Dinaledi samples were also higher (difference > 6 wt. %) than for 
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DB1. These differences reflect the dominance of quartz in the DB Chamber, and a dominance 
of clay-rich mud in the Dinaledi Chamber. The high values for K2O, MgO, MnO and Fe2O3 in 
the Dinaledi samples reflect the abundance of Fe-Mn-oxyhydroxide, K-bearing clay minerals 
and dolomite. More importantly, they reflect that the sediments in the Dinaledi Chamber are 
predominantly derived from the cave walls with little to no input from the external surface.   
The higher P2O5 content of the Dinaledi samples is probably due to the fossil bone content. 
The mineral assemblage of the Dinaledi samples is assumed to be very uniform due to the 
similar bulk chemistry for all of them.  
Table 3.2: Defocused beam electron microprobe analyses on orange-brown mudstones from 
all the Dinaledi Chamber cave earth samples (wt. %). 
 SiO2 TiO2 Al2O3 MnO Fe2O3 MgO CaO K2O Na2O F Cl Total 
 40.23 0.72 25.12 2.53 13.64 1.91 0.35 1.70 0.08 0.23 0.05 86.56 
 52.14 1.04 19.66 0.31 9.78 1.87 0.29 1.24 0.06 0.13 0.05 86.57 
 51.63 0.57 28.10 0.21 9.58 2.75 0.26 1.80 0.12 0.12 0.06 95.20 
 48.38 1.05 25.20 0.22 9.35 2.83 0.37 1.52 0.07 0.15 0.05 89.19 
 47.06 0.80 25.80 0.32 7.91 2.81 0.29 2.33 0.10 0.22 0.03 87.67 
 38.40 0.43 17.48 0.12 6.94 7.01 0.34 0.84 0.04 0.14 0.11 71.85 
 37.84 0.45 18.69 0.10 7.67 6.93 0.46 0.97 0.10 0.21 0.07 73.49 
 42.77 0.63 23.72 0.15 7.47 4.40 0.33 1.81 0.10 0.12 0.06 81.56 
 44.68 0.66 24.51 0.12 8.57 4.75 0.33 1.46 0.09 0.13 0.08 85.38 
 42.66 0.73 24.46 0.16 9.36 5.75 0.34 1.37 0.10 0.17 0.07 85.17 
 32.16 1.33 20.16 2.08 21.01 1.32 0.33 1.02 0.05 0.15 0.13 79.74 
 22.45 0.81 17.87 0.55 44.09 2.50 0.41 0.89 0.07 0.00 0.05 89.69 
 37.26 0.66 22.70 0.34 19.28 2.48 0.31 1.12 0.06 0.15 0.13 84.49 
 38.82 0.76 24.92 0.37 18.77 2.21 0.46 1.42 0.08 0.07 0.11 87.99 
 43.20 0.75 26.46 0.26 15.75 1.58 0.35 1.74 0.09 0.05 0.05 90.28 
 40.86 1.37 22.67 0.21 11.38 1.04 0.34 2.48 0.14 0.11 0.04 80.64 
 71.01 0.08 6.82 0.04 2.24 0.72 0.08 0.95 0.04 0.00 0.06 82.04 
 41.71 0.74 26.32 0.08 12.16 2.15 0.50 2.14 0.13 0.12 0.08 86.13 
 43.24 0.75 24.78 0.11 11.43 2.48 0.63 1.56 0.11 0.12 0.07 85.28 
 39.79 0.51 27.66 0.08 7.95 1.60 0.35 2.90 0.16 0.13 0.06 81.19 
 43.94 0.95 26.06 0.27 11.54 3.16 0.35 1.46 0.07 0.00 0.14 87.94 
 34.12 2.00 22.71 0.34 10.45 2.28 0.48 1.66 0.07 0.16 0.08 74.35 
 41.34 1.33 26.25 0.18 11.16 1.34 0.25 2.24 0.12 0.05 0.11 84.37 
 37.19 0.74 22.03 0.40 12.95 1.30 0.30 1.58 0.05 0.17 0.08 76.79 
 64.71 0.32 21.90 0.07 3.97 1.27 0.11 1.92 0.11 0.00 0.04 94.42 
 46.88 0.25 30.92 2.53 1.92 3.11 0.11 7.01 0.19 0.92 0.02 93.86 
 26.31 0.59 18.82 26.01 8.04 5.14 1.99 1.19 0.16 0.89 0.09 89.23 
 22.53 0.52 14.81 30.62 7.30 4.83 2.58 1.24 0.24 0.94 0.06 85.67 
Average 41.90 0.77 22.74 2.46 11.49 2.91 0.47 1.77 0.10 0.20 0.07 84.88 
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Figure 3.1: Photographs of the three (A-C) Dinaledi Chamber (UW101) samples collected from the excavation 
pit and the DB1 soil sample (D) from the Dragon’s Back Chamber floor. The Dinaledi ‘cave earth’ is composed 
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predominantly of mudstones with minor bone fragments, Fe-Mn-oxyhydroxide and quartz/chert grains. The larger 
clumps disaggregate into smaller mudstone fragments when wetted. The DB1 sample is predominantly composed 
of detrital quartz with abundant Fe-Mn-oxyhydroxide and chert grains. 
 
Table 3.3: Defocused beam electron microprobe analyses on light orange mudstones (sample 
SO39L) separated from UW101-SO39 (wt. %). 
 SiO2 TiO2 Al2O3 MnO Fe2O3 MgO CaO K2O Na2O F Cl Total 
 44.62 0.66 29.07 0.07 9.12 2.37 0.35 3.88 0.16 0.12 0.09 90.61 
 32.2 0.39 22.17 17.99 7.85 2.44 1.64 2.38 0.28 0.72 0.06 88.32 
 10.66 0.45 4.91 0.74 8.94 0.17 0.25 1.61 0.01 0.07 0.2 28.09 
 43.84 0.6 26.33 0.13 11.45 3.43 0.49 2.57 0.12 0.14 0.07 89.2 
 59.31 0.43 23.8 0.12 8.28 3.48 0.45 1.03 0.06 0.01 0.07 97.12 
 42.4 0.97 26.7 0.13 13.34 2.69 0.67 1.31 0.1 0.12 0.07 88.6 
 45.52 1.28 29.37 0.12 13.15 2.7 0.67 1.81 0.13 0.08 0.03 94.94 
 39.96 0.82 24.65 0.32 9.89 2.07 0.25 2.28 0.06 0.1 0.14 80.59 
 43.97 0.68 28.21 0.22 9.17 1.76 0.22 2.36 0.07 0.33 0.15 87.27 
 41.35 0.89 27.28 0.09 10.61 2.19 0.48 2.42 0.19 0.14 0.08 85.82 
 41.54 0.62 27.75 0.05 7.26 2.39 0.21 2.24 0.12 0.07 0.06 82.45 
 51.95 0.92 17.94 0.32 15.77 7.09 0.29 1.81 0.05 0.12 0.05 96.47 
 42.63 0.62 24.82 0.11 9.71 2.32 0.28 2.1 0.08 0.17 0.11 83.13 
 39.69 0.56 22.89 0.1 15.13 3.24 0.6 1.42 0.06 0.08 0.14 83.97 
 42.5 1.93 25.97 0.13 13.01 3.31 0.49 2.08 0.14 0.07 0.16 89.88 
 48.76 0.23 33.94 0.03 3.61 1.09 0.13 7 0.39 0.04 0.09 95.42 
 51.7 0.35 36.49 0.01 2.25 0.86 0.02 6.23 0.34 0.13 0 98.51 
 4.75 0.09 3.61 44.47 2.96 6.17 2.7 0.46 0.23 2.27 0.17 67.99 
 47.31 0.52 27.48 0.18 10.93 1.6 0.23 2.64 0.17 0.07 0.07 91.27 
 39.36 1.08 24.92 0.14 14.49 1.88 0.38 1.93 0.09 0.08 0.13 84.49 
 37.9 0.27 28.64 0.17 5.74 0.58 0.14 0.66 0.01 0.22 0.1 74.46 
 35.8 0.56 23.33 0.42 20.7 2.4 0.35 1.86 0.11 0.07 0.12 85.79 
 38.97 0.6 20.95 0.23 12.29 4.05 0.47 0.95 0.08 0.09 0.25 79 
 42.43 0.84 22.93 0.12 10.5 3.37 0.3 1.18 0.07 0.09 0.05 81.96 
 45.11 0.42 30.46 0.25 11.88 2.23 0.29 2.76 0.25 0.08 0.1 93.85 
 40.26 1.1 23.85 0.08 9.99 1.99 0.39 1.87 0.1 0.12 0.05 79.92 
 45.4 0.69 25.08 0.17 17.03 2.18 0.36 1.82 0.09 0.06 0.05 93.12 
 44.51 1.18 25.3 0.3 11.18 1.7 0.56 2.63 0.15 0.1 0.12 87.81 
 40.15 0.57 24.54 0.33 13.75 1.77 0.42 1.84 0.09 0.13 0.09 83.73 
 82.95 0.05 9.78 0.03 1.23 0.2 0.01 2.92 0.04 0 0 97.26 
Average 42.25 0.68 24.11 2.25 10.37 2.46 0.47 2.27 0.13 0.20 0.10 85.37 
 
The three Dinaledi Chamber samples showed a homogeneous grain size distribution 
(Figure 3.2 A). They were dominated by reworked, angular mudstone clasts in a clay matrix, 
with some chert fragments, but with little externally derived detrital quartz (Figures 3.2 B; 3.3; 
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B2.1-2.1, Appendix B). The mudstone clasts can contain very fine grained apparently detrital 
quartz, muscovite and phlogopite (Figures 3.2 C; 3.4), and they range from being unaltered to 
heavily altered and impregnated with Fe-Mn-oxyhydroxide (Figure 3.4). The internal textures 
of altered mudstone clasts clearly indicate that the alteration occurred prior to comminution of 
the mudstones and their incorporation into Unit 3b. The distinctly lighter orange mudstones in 
SO39 were separated and analysed as SO39L. These mudstone fragments are similar in shape 
and fabric to the other mudstones. The only difference observed is that these mudstones have 
an outer rim, which is finer-grained than the interior (Figure 3.2 D). In this respect they are 
similar to mudstones studied from drill core samples of the Sterkfontein Caves (see Makhubela 
et al., 2017). 
DB1 has a bimodal grain size distribution, with quartz grains and chert fragments 
making up most of the coarser components (Figure 3.2 E). It is dominated by detrital quartz, 
with some detrital muscovite, K-feldspar and ilmenite, as well as shale and chert fragments. 
Many chert and dolomite fragments show alteration involving impregnation and/or coating by 
Fe-Mn-oxyhydroxide (Figures 3.2 E and F). Similarly to the mudstone clasts in the Dinaledi 
samples, internal textures show that the impregnation occurred before fragmentation of the 
rocks and incorporation in the sediment. Mudstone fragments are rare in DB1. 
The Fe-Mn-oxyhydroxide commonly occurs in the form of concretions, which are 
incorporated in mudstone clasts or constitute individual grains/fragments (Figures 3.2 G and 
H; 3.5; B2.3-2.4). These concretions are black, ovoid and well-rounded with radial outgrowth 
and a mottled texture, lacking both a central nucleus (such as quartz/chert) and a concentric 
structure (Figure 3.2 I). They have grain-sizes commonly between 50 and 200 μm, but can be 
up to 700 μm. They are commonly fused together to form larger grains, and in many cases a 
Fe-rich outer rim is observed together with numerous fractures (Figures 3.2 I; 3.5). Small 
mineral inclusions, mostly quartz, are present, but not common (Figure 3.2 G). Potassium (K) 
in the cave earth samples is primarily hosted in muscovite (and other K-bearing micas, e.g. 
sericite) and Fe-Mn-oxyhydroxide phases (Figures 3.4; 3.5). Mn and Fe are mostly hosted in 
separate mineral phases even for Fe-Mn-oxyhydroxide minerals (Figure 3.6). 
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Figure 3.2: SEM-BSE photomicrographs showing the textures and fabric of the ‘cave earth’ samples from Unit 
3b of the Dinaledi Chamber and from the floor of the Dragon’s Back Chamber. The cave earth sediment has a 
homogeneous grain size distribution (A), dominated by reworked or altered, angular mudstone clasts in a clay 
matrix (B). The mudstone clasts can contain very fine grained apparently detrital quartz, muscovite and 
phlogopite and they range from being unaltered to heavily altered and impregnated with Fe-Mn-oxyhydroxide 
phases (C). Some mudstone clasts have an alteration texture which has made the outer margins finer-grained (D). 
The DB1 soil sample has a bimodal grain size distribution, with quartz grains and chert fragments making up 
most of the coarser components (E). Grains impregnated or altered with Fe-Mn-oxyhydroxide phases (F) are 
found in all samples. Concretions enriched in Mn-oxyhydroxide phases, and with a Fe-rich rim, are common as 
inclusions in the mudstones (G), clustered grains (H) or fused together into extensive crusts or long chains (I). 
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Figure 3.3: SEM-EDS element maps of the cave earth sediment (see Figures 3.1 A-C and 3.2 A-B). The cave earth 
contains minor quartz and chert grains shown by the bright yellow grains in the Si Kα1 map. The dominance of 
the mudstone clasts is easily seen with the combination of the Al Kα1, O Kα1 and S Kα1 maps. These mudstone 
clasts are enriched in Fe (Fe Kα1) and they also contain appreciable amount of Mg (Mg Kα1_2) and K (K Kα1). 
The Mn content in the mudstones is very little (Mn Kα1), indicating that the oxyhydroxide phases are Fe-rich. 
Minor carbonate grains can be found in the cave earth but lack of Ca (Ca Kα1) in the mudstones indicates that 
the sediments have not been calcified.  
 
Quantitative chemical analyses on mineral grains, mudstone clasts and fragments in the 
samples of unconsolidated sediment on the floor of the Dinaledi and Dragon’s Back Chambers 
are given in Appendix B3. The spot size used was 5 μm in diameter which is larger than grain 
sizes of most mineral phases contained in the mudstones of these samples. A defocused beam 
was used, particularly for the mudstones and Fe-Mn-oxyhydroxide, the result of each spot 
represents a bulk result for the mixture of fine-grained minerals (see Figure 3.7). Al2O3 vs K2O 
vary together in all the Dinaledi samples (Figure 3.8 a-c), which reflects mineral assemblages 
that include muscovite, sericite, kaolinite, halloysite and illite. This is also supported by Al2O3 
vs SiO2 varying together in the clay-rich silicates (Figure 3.8 e-g). The clay minerals are mostly 
contained in the mudstone clasts, of which the several types have a different appearance but 
similar average chemistry (Figure 3.9 a; Tables 3.2 and 3.3). The very small, apparently detrital 
grains in these mudstones are associated with very high K2O values (up to 7%; Figures 3.4; 
3.5). The K2O/Al2O3 ratios are indicative of muscovite, but do not plot in the muscovite region 
(Figure 3.8 a-c) probably because in most cases the spot analyses are a mixture of the targeted 
grain and other surrounding finer-grained minerals. No feldspars were observed in the 
mudstones. For the DB1 sample, there is no agreement in the variartion of Al2O3 and K2O, but 
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some analyses clearly plot within the muscovite region (Figure 3.8 d). Some analyses of DB1 
show high Al2O3 content for little to zero K2O content (Figure 3.8 d), probably reflecting 
kaolinite or other K-free mineral phases. However, there is also no agreement in the variation 
of Al2O3 and SiO2 in DB1 (Figure 3.8 h), probably reflecting kaolinite or other K-free mineral 
phases. The MnO vs FeO plots confirm that Mn and Fe occur in different mineral phases in all 
samples (Figure 3.8 i-l). These plots show that Fe is high when Mn is low and vice versa. The 
Fe-Mn-oxyhydroxide concretions are depleted in Fe (Figures 3.4; 3.5) whereas the Fe-Mn-
oxyhydroxide alteration phases in mudstones are predominantly enriched in Fe and have low 
Mn (Figures 3.3; 3.6). No co-variation is observed between K2O with either Mn or Fe (Figure 
3.8 m-p). In DB1 there are two groups of K-bearing Mn oxyhydroxide phases, one with MnO 
< 20 wt. % for K2O < 0.25 wt. %, and the other with MnO variable between 20 wt. % and 60 
wt. %. These two groups can be mistaken to be varying together due to a scaling artefact (Figure 
3.8 p). Apart from a few spots, Fe oxyhydroxide phases (> 20 wt. % FeO) in DB1 are depleted 
in K2O (< 0.1 wt. %) (See appendix B). In the UW101 samples, the Fe-Mn-oxyhydroxide 
alteration phases in the mudstones have K2O contents varying predominantly between 0.5 and 
3.5 wt. % (Figure 3.9 b). This K2O content is hosted in Fe-enriched oxyhydroxide phases 
because the regions of Fe-Mn-oxyhydroxide alteration in mudstones are depleted in MnO 
relative to FeO (Figure 3.9 b; Table 3.2). The Fe-Mn-oxyhydroxide concretions have K2O less 
than 1 wt. % (Figure 3.9 c; Table 3.4). In contrast to the mudstones, they are depleted in FeO 
(generally < 5 wt. %), while enriched in MnO, which varies between 40 and 80 wt. % (Figure 
3.9 c and d; Table 3.4). Makhubela et al. (2017) described these Fe-Mn-oxyhydroxide 
concretions as Mn peloids after Flügel (2010) and Post (1999). Peloids are rounded to 
subrounded, spherical or ellipsoidal sand-sized (100-500 μm) and internally structureless 
grains of microcrystalline carbonate (McKee & Gutschick, 1969; Flügel, 2010). The K-bearing 
Mn minerals such as birnessite were interpreted to have been formed inside the caves because 
they cannot be detrital due to their very soft nature (Dirks et al., 2015). 
The MnO vs F plots show that elevated Mn content is invariably associated with 
elevated F for samples from both chambers (Figure 3.8 q-t). The association of these two 
elements is not observed for FeO vs F, and thus, the high F content is interpreted to be hosted 
in Mn-oxyhydroxide phases due to adsorption, although it may also be present in some phases 
due to substitution of F- for OH-. Some elevated F concentrations at zero Mn values indicate 
very small grains of fluorite and fluorapatite.  
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Table 3.4: Electron microprobe analyses on Mn peloids in the Dinaledi Chamber cave earth 
(wt. %).  
 SiO2 TiO2 Al2O3 K2O MnO Fe2O3 MgO CaO K2O Na2O F Cl Total 
 9.27 0.14 7.9 0.77 50.95 3.31 4.43 3.52 0.77 0.16 1.74 0.06 83.02 
 4.53 0.13 4.65 0.53 54.88 1.23 4.08 3.85 0.53 0.05 1.49 0.03 75.98 
 1.66 0.08 2.42 0.19 55.15 3.17 5.2 4 0.19 0.15 2.35 0.19 74.75 
 1.4 0.05 1.09 0.36 51.72 1.47 4.05 3.42 0.36 0.13 2.08 0.08 66.21 
 0.34 0.02 1.42 0.38 59.27 1.08 5.36 3.64 0.38 0.22 2.26 0.02 74.39 
 2.68 0.09 0.71 0.56 60.18 2.24 3.98 3.9 0.56 0.18 2.41 0.2 77.69 
 0.5 0.05 0.82 0.4 54.39 1.42 3.94 3.49 0.4 0.12 1.7 0.09 67.32 
 3.13 0.13 2.12 0.62 51.83 3.95 3.17 3.66 0.62 0.2 1.39 0.17 70.99 
 3.08 0.1 3.34 0.58 52.94 1.46 5.2 4.64 0.58 0.31 1.92 0.01 74.16 
 7.36 0.1 4.93 0.4 45.38 2.31 8.29 3.24 0.4 0.34 1.91 0.04 74.7 
 3.1 0.11 3 0.41 42.66 14.7 4.36 3.39 0.41 0.19 2.22 0.02 74.57 
 0.85 0.14 0.24 0.06 73.97 1.58 0.21 0.49 0.06 0.01 2.92 0.03 80.56 
 3.1 0.09 4.11 0.46 54.89 1.82 5.35 2.78 0.46 0.22 2.17 0.06 75.51 
 0.25 0.04 1.44 0.54 61.13 0.14 4.92 2.61 0.54 0.33 2.51 0.02 74.47 
 0.64 0.07 2.35 0.43 58.97 0.7 5.32 2.73 0.43 0.23 2.06 0.03 73.96 
 0.28 0.03 1.48 0.56 61.76 0.17 4.73 2.6 0.56 0.32 1.91 0.03 74.43 
 0.72 0.04 1.07 0.58 59.55 0.56 5.4 3.96 0.58 0.1 2.28 0 74.84 
 6.67 0.07 2.61 0.33 42.86 1.79 9.85 2.57 0.33 0.13 2.45 0.21 69.87 
 6.19 0.1 5.27 0.45 48.49 2.14 5.31 2.96 0.45 0.09 1.47 0.16 73.08 
 8.18 0.07 2 0.36 40.99 1.21 9.93 2.54 0.36 0.11 2.17 0.21 68.13 
 5.03 0.08 3.81 0.5 50.91 1.79 6.27 3.14 0.5 0.09 1.77 0.1 73.99 
Average 3.28 0.08 2.70 0.45 53.95 2.30 5.21 3.20 0.45 0.18 2.06 0.08 73.93 
 
Table 3.5: Electron microprobe analyses of Mn ooids in the Malapa Cave clastic rocks (wt. 
%). From Makhubela et al. (2017). 
 SiO2 TiO2 Al2O3 FeO MnO MgO CaO K2O Na2O Cl F Total 
 15.82 0.59 13.62 12.10 33.77 1.70 2.52 0.71 0.05 0.02 0.78 81.67 
13.40 0.37 10.97 10.92 40.01 1.57 2.65 0.91 0.08 0.04 1.00 81.92 
18.21 0.45 14.18 11.27 36.56 0.79 1.92 1.69 0.06 0.02 0.93 86.07 
14.34 0.31 11.23 10.61 34.76 1.46 2.64 0.80 0.07 0.05 0.74 77.00 
18.53 0.63 14.79 12.80 31.91 1.44 2.29 1.00 0.07 0.04 0.74 84.23 
11.16 0.25 16.38 8.95 38.92 2.37 1.52 0.45 0.03 0.01 1.01 81.04 
18.57 0.45 14.43 11.42 30.90 2.09 2.44 0.64 0.07 0.01 0.74 81.76 
Average 15.72 0.44 13.66 11.15 35.26 1.63 2.28 0.89 0.06 0.03 0.85 81.96 
 
CHAPTER 3: Sampling and Petrography for 40Ar/39Ar dating 
43 
 
 
Figure 3.4: SEM-EDS element maps of a mudstone clast (see Figure 3.2 C). The mudstones are predominantly 
composed of fine-grained clay minerals, shown by the clear and bright mapping of high concentration for Al (Al 
Kα1) and O (O Kα1) together with Si (Si Kα1). Detrital quartz grains occur as inclusions (bright yellow grains 
in the Si Kα1 map). The fine-grained clay minerals contain a greater amount of Fe (Fe Kα1) than Mn, which 
occurs as disseminated grains and concretions (Mn Kα1). Muscovite occurs in various shapes, shown by the 
mapping of high concentration for K (K Kα1), which is in agreement with Al (Al Kα1). 
 
3.3 Fe-Mn-oxyhydroxide mineral phases in surface soil 
In the CoH, Fe-Mn-oxyhydroxide concretions and coated grains are also found in 
surface soils and fossil-bearing calcified clastic rocks of the Malapa and Sterkfontein Caves 
(Makhubela et al., 2017). To compare these Fe-Mn-oxyhydroxide grains across the clastic 
rocks, unconsolidated cave sediments and surface soils, such grains from three soil samples 
were included in the 40Ar/39Ar dating. Sample MMN-1R was collected from soil containing 
abundant Fe-Mn-oxyhydroxide on the surface of the north flank of the Malapa Cave pit 
(Makhubela et al., 2017). This soil layer is interpreted as a recent accumulation that contains a 
high concentration of Fe-Mn-oxyhydroxide grains due to termite activity (Makhubela et al., 
2017). Two other samples, RSS5P and RSS11P, were separated from surface soil samples   
RSS5 and RSS11, part of a suite collected above the Rising Star site for studying the landscape 
changes of the site (see Chapters 5 and 6).  
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Figure 3.5: SEM-EDS element maps of a mudstone clast from cave earth sample UW101-SO39L (Dinaledi 
Chamber, Rising Star cave) containing Mn peloids composed of Fe-Mn-oxyhydroxide phases. The Mn peloids are 
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composed of fine-grained Mn-oxyhydroxide phases (see Mn Kα1 and O Kα1), and can contain grains of various 
compositions including quartz, chert, and muscovite. The Mn peloids are rich in Ca (Ca Kα1) and have a thin rim 
of fine-grained Fe-oxyhydroxide phases (Fe Kα1). The mudstone clasts contain abundant Mg (Mg Kα1) and 
detrital grain of muscovite (see K Kα1, Al Kα1, Si Kα1). 
 
 
Figure 3.6: SEM-BSE image and EDS element maps of a Fe-Mn-oxyhydroxide grain from the cave earth. Mn and 
Fe are mostly hosted in separate oxyhydroxide mineral phases, shown by the separate mapping for Fe (Fe Kα1) 
and Mn (Mn Kα1). The agreement in mapping for Fe, Al (Al Kα1) and O (O Kα1) without agreement to Si (Si 
Kα1) mapping suggests that the mineral phases are clay-rich oxyhydroxide phases and not silicates. Mn, Mg (Mg 
Kα1) and K (K Kα1) are absent from the BSE-bright oxyhydroxide phases with inclusions of detrital quartz (BSE). 
They are restricted to the aggregates around the Fe-oxyhydroxide, and unlike in the Mn peloids, there is no 
agreement in the mapping for Mn and Ca (Ca Kα1). 
 
The abundant Fe-Mn-oxyhydroxide grains in soil sample MMN-1R (Figure 3.10 A and 
3.11), occur in rather uniform shapes but have variable sizes, fabrics and textures (Figure 3.10 
B). Many varieties of Fe-Mn-oxyhydroxide grains have been described from the clastic rocks 
of the Malapa and Sterkfontein Caves (Makhubela et al., 2017). Mn ooids similar to those 
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described are the most abundant Fe-Mn-oxyhydroxide grains in this soil sample. These are 
ovoid concretions composed of a nucleus of fragmented or non-fragmented chert surrounded 
by a concentrically layered coating of Fe-Mn-oxyhydroxide (Figure 3.10 C-D). Their grain 
sizes range from 50 μm to 1 mm, and their shapes vary from ovoid, spherical to sub-rounded 
and well-rounded grains. Some Mn ooids appear to be without a chert nucleus (Figure 3.10 B 
and D), although this could be a result of the way the grain was cut during preparation and 
polishing of the block of epoxy-mounted grains. 
 
Figure 3.7: BSE photomicrograph showing that the 5 μm diameter spot size used for EMPA analyses is larger 
than grains making up the fine-grained textures of the mudstones and Fe-Mn-oxyhydroxide phases. 
 
The Fe-Mn-oxyhydroxide concentric coating of the Mn ooids is enriched in Al and Ca 
(Figure B2.5). Mn dominates the chemical composition with an average MnO content of 35.3 
wt. %, followed by SiO2, Al2O3 and total iron, expressed as FeO, with average contents of 15.7 
wt. %, 13.7 wt. % and 11.2 wt. %, respectively (Table 3.5; Makhubela et al., 2017). The average 
K2O content is 0.89 wt. %. Table 3.5 gives selected electron microprobe data of the Mn ooids 
including the other major elements. The very-fine-grained concentric coating can contain 
abundant micron-sized (2-20 μm) grains of different mineral phases including, quartz, calcite, 
goethite, muscovite, rutile, apatite and siderite (Figure 3.10 C). Unlike the Mn peloids in the 
Dinaledi Chamber cave earth, Mn and Fe vary together in the coating of the Mn ooids of 
Malapa, Sterkfontein and MMN-1R. In MMN-1R, Mn ooids also commonly occur as a variant 
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that has not been described from the clastic rocks. This type of Mn ooid has a cluster of 
quartz/chert grains held together by Mn-free Fe-oxyhydroxide phases and surrounded by a Mn-
rich oxyhydroxide concentric coating (Figures 3.10 E and 3.12). Discrete grains of this cluster 
of grains held together by Fe-oxyhydroxide phases, but lacking the concentric coating, have 
been described from the clastic rocks (Makhubela et al., 2017).  
 
Figure 3.8: Two elements variation diagrams from spot analyses electron microprobe (EMPA) data. The cave 
earth sediment from the Dinaledi Chamber is distinctly different from the DB1 soil sample from the Dragon’s 
Back Chamber. The co-variation between Al2O3 vs K2O (a-c) and Al2O3 vs SiO2 (e-g) show that the composition 
of the cave earth is dominated by phyllosilicate assemblages that include muscovite, sericite, kaolinite, halloysite 
and illite. DB1 soil is dominated by detrital quartz and minor amounts of muscovite and do not give the positive 
variations observed for the cave earth (d and h). The MnO vs FeO plots confirm that Mn and Fe occur in different 
mineral phases in all samples (i-l). There is co-variation between K2O with either Mn or Fe (m-p). The MnO vs 
F plots show that elevated Mn content is invariably associated with elevated F for samples from both chambers 
(q-t). This association is not observed for FeO vs F, and thus, the high F content is interpreted to be hosted in 
Mn-oxyhydroxide phases. 
 
The Rising Star soils contain minor amounts of Fe-Mn-oxyhydroxide grains, and these 
are rather uniform and differ from the grains found in MMN-1R, Malapa and Sterkfontein. Mn 
ooids are absent in soils and cave sediments of the Rising Star Cave. Mn peloids, identical to 
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those occurring in the cave earth sediments of the Dinaledi chamber, are the most abundant 
type in the soils. They occur as individual grains, or fused together in a crust or chain. In the 
soils no mudstone fragments were observed, and instead the fused Mn peloids occur in chert 
grains (Figure 3.10 F, compare with Figures 3.2 C, G-I for Mn peloids occurring in mudstone 
fragments). The only difference between the Mn peloids from the soils and the cave earth is 
that the thin Fe-rich coating observed in those from the cave earth is not observed in those from 
the soils. However, they have the same composition dominated by Mn-oxyhydroxide with little 
to no Fe. Chert fragments in the soils are commonly coated by structureless Fe-rich 
oxyhydroxide phases, which also infill their fractures/cracks (Figure 3.10 G). The Fe-
oxyhydroxide coating of chert fragments in the soils also has the same composition as the 
coating of Mn peloids in the mudstone fragments.    
 
Figure 3.9: Two elements variation diagrams of mudstones and Mn peloids from spot analyses electron 
microprobe (EMPA) data. (a) The two types of mudstones observed have a similar chemistry despite the different 
textures and fabric, as shown by Al2O3 and K2O varying together. (b) In the mudstones, there is no co-variation 
between K2O with either Mn or Fe, but they contain a lot more Fe than Mn. (c) The Mn peloids on the other hand 
are Mn-rich and depleted in Fe but the Mn does not increase with increase in the K content. 
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Figure 3.10: SEM-BSE photomicrographs showing Fe-Mn-oxyhydroxide grains in the soils above the Malapa 
and Rising Star caves. (A) Overview image showing the high concentration of Fe-Mn-oxyhydroxide grains in 
sample MMN-1R from the soil flanking the Malapa Cave pit. (B) Fe-Mn-oxyhydroxide grains occur in similar 
ovoidal or spherical shapes but with different fabrics and textures. (C) A grain of a Mn ooid, composed of a quartz 
nucleus coated by concentric Fe-Mn-oxyhydroxide. (D) A fragment of chert coated with concentric Fe-Mn-
oxyhydroxide. (E) Some Mn ooids contain multiple quartz grains held together by Mn-free Fe-rich oxyhydroxide 
phases. (F) Mn peloids observed in the cave earth of the Dinaledi Chamber, occurring in fractures/cracks of chert 
grains. The association of Mn peloids and chert is only observed in cave earth and soils of Rising Star. (G) 
Fractures/cracks in chert grains from soil and cave deposits at Rising Star are only infilled by Mn-free Fe-
oxyhydroxide phases.  
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Figure 3.11: SEM-EDS element maps showing the chemical composition of soil sample MMN-1R from the surface 
above the Malapa Cave. Mn Kα1 and Fe Kα1 maps show that there are abundant Fe-Mn-oxyhydroxide grains in 
the soils, and they also contain appreciable Al (Al Kα1). There are minor Ca-bearing grains in the soils despite 
the abundance of dolomite from bedrock and calcite/aragonite from the speleothems formed in the caves.  
 
Figure 3.12: SEM-EDS element maps of the Mn ooid shown in Figure 3.10 E. The nucleus of this form of Mn 
ooid is an aggregate of chert grains and Mn-free Fe-oxyhydroxide phases. The concentric coating is 
predominantly Mn-oxyhydroxide, containing very minor Fe, as opposed to the Fe-rich infilling oxyhydroxide. 
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CHAPTER 4: 40Ar/39Ar ages in the CoH and surrounding areas  
 
4.1 Background and Principles of the 40Ar/39Ar dating method 
 
4.1.1 Background of the 40Ar/39Ar method 
Over the last 50 years, the argon-argon (40Ar/39Ar) dating technique has become one of 
the most trustworthy radiometric dating techniques. It was derived from the potassium-argon 
(K/Ar) dating method after Craig Merrihue and Grenville Turner identified a 39Ar signal 
resulting from neutron irradiation (Merrihue and Turner, 1966). Detailed descriptions of the 
Merrihue and Turner (1966) derivation of the 40Ar/39Ar dating method are given in McDougall 
and Harrison (1999). The K/Ar dating method itself was developed after the discovery of 
radioactive potassium (Campbell and Wood, 1907), and that of the existence of the three 
naturally occurring isotopes of potassium (Aston, 1921; Klemperer, 1935; Newman and Walke, 
1935)). Two of these isotopes, 39K and 41K, are stable with abundances of 93.2581 % and 
6.7302 %, respectively (Garner et al., 1975). The 40K isotope is radioactive, and the only long-
lived radioisotope occurring in a major element of the continental crust. 40K constitutes 0.01167 
% of total K and has a half-life of 1.25×109 years (Kelley, 2002; Wijbrans and Kuiper, 2013). 
The decay process of 40K is branched into a dual decay scheme producing 89.5 % of 40Ca and 
10.5 % of 40Ar (McDougall and Harrison, 1999; Figure 4.1 and 4.2). The radiogenic daughter 
40Ar is denoted 40Ar* (Vasconcelos et al., 1995). This dual decay character makes the K-Ar 
system unique to other radioisotopic geochronometers, simply because the daughter/parent 
ratio (40Ar*/40K) changes over time at a faster rate than if 40Ar was the only daughter isotope 
(Reiners et al., 2018). The 40K to 40Ar* decay scheme is the one commonly used for dating 
because Ar is a rare trace and inert noble-gas element in minerals and rocks (McDougall and 
Harrison, 1999). Thus, 40Ar* does not get chemically bonded into mineral lattices after its 
formation by spontaneous decay, although it is susceptible to migration or losses by diffusion 
(Kelley, 2002; Reiners et al., 2018). The diffusion of Ar, however, is thermally activated, and 
its rate increases with increasing temperature (McDougall and Harrison, 1999; Reiners et al., 
2018). Due to the high abundance (96.9 %) of naturally occurring 40Ca in minerals and rocks, 
the common 40K to 40Ca decay scheme is hardly used for dating because the small amounts of 
radiogenically produced 40Ca are overshadowed (Kelley, 2002). The total decay constant of 
40K is: λ = λe.c .+ λβ+ + λβ- which has a value of 5.543×10-10 year-1 (Steiger and Jager, 1977) 
revised to 5.554 (± 0.014) ×10-10 year-1 (Kossert and Günther, 2004; Renne et al., 2010; 2011). 
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Figure 4.1: The dual decay nature of 40K, showing that it decays to 40Ca (89.5 %) and 40Ar (10.5 %).  40Ar is 
produced through three decay routes, dominated by the electron capture route followed by gamma decay to the 
ground state. From McDougall and Harrison (1999). 
 
The application of the K/Ar dating method became popular after Aldrich and Nier 
(1948) reported the first 40Ar/36Ar ratios and K/Ar ages of K-rich minerals. During the last 20 
years, the derivative 40Ar/39Ar method has superseded the K/Ar method (Reiners et al., 2018). 
The reasons are that in the 40Ar/39Ar method both K and Ar are measured simultaneously from 
the same aliquot of sample, leading to (a) the ability to analyse very small and heterogeneous 
samples, (b) greater analytical precision, and (c) the ability to use continuous wave laser beams 
or pulsed laser beams to fuse small samples (Kelley, 2002; Wijbrans and Kuiper, 2013; 
McDougall, 2014). In order for the “date” measured by both K-Ar and Ar-Ar methods to be 
interpreted as the age of a geological event, there is a set of assumptions that must be satisfied 
(McDougall and Harrison, 1999; Kelley, 2002; McDougall, 2014). These assumptions are:  
1. At the time of formation, the mineral or whole rock did not contain pre-existing 
40Ar*, so that the clock was set to zero. 
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2. The mineral or whole rock must have remained a closed system for both K and 
Ar since the event being dated. Thus, the 40Ar* was fully retained and the K 
concentration has remained constant since formation, apart from very small changes 
caused by the decay of 40K. 
3. Appropriate corrections can be made for non-radiogenic 40Ar and for other 
interfering argon isotopes in the case of 40Ar/39Ar. 
Advances in the analytical approaches to 40Ar/39Ar dating, such as (a) using mineral 
standards of known age for the purpose of determining the neutron flux during bombardment 
(see below) and the K concentration, and (b) stepwise heating to assess open or closed system 
behaviour and non-radiogenic 40Ar, have ensured that these assumptions can be checked 
(Jourdan et al., 2014; Reiners et al., 2018). This allows the application of the technique in 
different fields of the Earth Sciences such as volcanology, tectonics and structural geology, ore 
and petroleum genesis, archaeology and palaeontology, weathering processes and climate, as 
well as planetary geology (Jourdan et al., 2014).  
 
Figure 4.2: Chart of the naturally occurring isotopes of argon, chlorine, potassium and calcium (shaded solid 
boxes), together with some neutron-induced radioactive isotopes (white dashed boxes) relevant to 40Ar/39Ar 
dating. Arrows indicate the decay paths for the radioactive nuclides. Reproduced from McDougall and Harrison 
(1999). 
 
4.1.2 Fundamentals of the 40Ar/39Ar method 
To carry out 40Ar/39Ar dating requires measuring and determining the relative 
abundances, and isotope ratios of five argon isotopes in the sample under study (McDougall 
and Harrison, 1999; Kelley, 2002). These isotopes are the naturally occurring and stable 
isotopes: 36Ar, 38Ar and 40Ar, and the reactor produced radioisotopes: 37Ar and 39Ar with half-
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lives of 269 years and 34.95 days, respectively. The first thing to do is to irradiate the sample 
with fast neutrons in a nuclear reactor (in the core of a 235U fission reactor; Reiners et al., 2018). 
As a result, a small proportion of 39K atoms in the sample are transmuted into 39Ar by a neutron 
capture reaction whereby a neutron is absorbed by 39K, and a proton is released to form 39Ar 
(Reiners et al., 2018). This reaction is represented by the shorthand notation 39K(n,p)39Ar and 
the 39Ar produced this way is denoted 39ArK (Kelley, 2002). The 40Ar*/39ArK ratio is used to 
calculate the age because it is proportional to the 40Ar*/40K ratio in the sample (McDougall and 
Harrison, 1999). This statement is valid because the 39K/40K ratio has been uniform in nature 
since nucleosynthesis, and thus 39ArK can be used as a substitute for 39K and be related directly 
to the parent 40K (Reiners et al., 2018).   
 
Figure 4.3: Interfering reactions on Ca, K, Ar and Cl given in the short hand notation (a,b), where a is the incident 
particle and b is the resulting emission. The terms are n = neutron, p = proton, d = deuteron, α = and alpha 
particle, γ = a gamma particle and β- = a positron. Important interfering reactions are those involving Ca and K 
(shown in bold) and the main 39Ar-producing reaction is shown inside the rectangle.  Adapted from Kelley (2002). 
 
To accurately determine the 40Ar*/39ArK ratio, corrections need to be made for 
interfering reactions caused by neutron bombardment of potassium, calcium, chlorine and 
argon (Figure 4.3). These corrections are generally small but critical for young samples (< 1 
Ma) because the interfering reactions producing 40Ar from 40K become important (Kelley, 
2002). Ca corrections are also important, especially for samples with Ca/K > 10 because 36Ar 
and 39Ar are produced from Ca (Figure 4.4) in the sample from the interference reactions 
40Ca(n,α)36Ar and 42Ca(n,α)39Ar, respectively (Brereton, 1970; Turner, 1971; McDougall, 
2014). In order to correct for these interferences, an important correction has to be made for 
the decay of 37Ar, which is essentially only produced from Ca during neutron bombardment 
(Figure 4.4; McDougall and Harrison, 1999; Kelley, 2002). Since the 37Ar has a half-life of 
34.95 ± 0.08 days (Renne and Norman 2001), the analyses of Ca-rich samples must be carried 
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out within 6 months of irradiation so that the original 37Ar is measured with precision to avoid 
compromising the corrections for 36Ar and 39Ar (Kelley, 2002; McDougall, 2014; Reiners et 
al., 2018). Another critical correction that always has to be made is the “air correction”, which 
helps remove any contamination of the argon sample gas by atmospheric argon (Reiners at el., 
2018). The 40Ar*/39ArK ratio is given by equation [4.1], which also includes all the corrections: 
𝐴𝑟∗40
𝐴𝑟𝐾
39 =
( 𝐴𝑟40 / 𝐴𝑟39 )𝑚−298.56( 𝐴𝑟
36 / 𝐴𝑟39 )𝑚+298.56( 𝐴𝑟
36 / 𝐴𝑟37 )𝐶𝑎( 𝐴𝑟
37 / 𝐴𝑟39 )𝑚
1−( 𝐴𝑟39 / 𝐴𝑟37 )𝐶𝑎( 𝐴𝑟
37 / 𝐴𝑟39 )𝑚
− [ 𝐴𝑟40 / 𝐴𝑟39 ]
𝐾
 
 [4.1] 
where the subscript m refers to measured ratios, the subscript Ca refers to the production 
ratios of 36Ar and 39Ar from calcium in the nuclear reactor, and (40Ar/39Ar)K is the production 
ratio for 40Ar from 40K in the nuclear reactor relative to the 39ArK (McDougall and Harrison, 
1999; McDougall, 2014). The value 298.56 ± 0.31 is the ratio of 40Ar to 36Ar in atmospheric 
argon, (40Ar/36Ar)atm (Lee et al., 2006).  
 
Figure 4.4: The 40Ar/39Ar dating method requires corrections to be made for argon derived from the atmosphere 
and the interfering reactions during neutron bombardment. (a) Shows the relative contributions of radiogenic, 
nucleogenic and atmospheric argon isotopes. 37Ar is essentially derived from Ca during neutron bombardment, 
and hence it is useful to make corrections for the 36Ar and 39Ar derived from Ca in the similar manner. Since 40Ar 
and 36Ar contain a component derived from the atmospheric argon, their ratio in the atmosphere is useful for 
correcting the contamination of the sample argon gas. (b) Shows a typical signal intensity differences between 
the argon isotopes in an argon mass spectrum. Note that the 36Ar signal is very small and most challenging to 
measure accurately. From Wijbrans and Kuiper (2013). 
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Figure 4.5: Graphic presentation of 40Ar/39Ar step heating results. (A) The age spectrum, created by plotting the 
40Ar/39Ar apparent age against the cumulative percentage 39Ar released from the sample, is the most commonly 
used diagram to present the 40Ar/39Ar age represented by a plateau. (B) Shows the concentration of radiogenic 
40Ar and neutron-induced 39Ar across a crystal undisturbed subsequent to initial crystallization and rapid cooling, 
yielding a flat age spectrum shown in A. (C) Age spectrum showing a disturbed release pattern due to the presence 
of excess 40Ar assumed to be of atmospheric composition. (D) Age spectrum shown in C, replotted after the 
trapped-argon components were determined to differ from the atmospheric composition. Reproduced from 
McDougall and Harrison (1999). 
 
4.1.3 Calculation and presentation of the age 
The basic equation for calculating the 40Ar/39Ar age is given by equation [4.2]: 
𝑡 =
1
𝜆
ln [1 + 𝐽
40𝐴𝑟∗
39𝐴𝑟𝐾
]        [4.2] 
where λ is the total 40K decay constant, J is the irradiation factor, and the 40Ar*/39ArK 
ratio is the measured ratio corrected for interference reactions and atmospheric contamination 
(McDougall and Harrison, 1999). The irradiation factor is used to evaluate the neutron flux 
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during neutron bombardment, and its value increases with irradiation duration (McDougall, 
2014). So it is a relative measure of the extent of conversion of 39K to 39ArK (Reiners et al., 
2018). To determine the value of J, materials of precisely known ages, referred to as standards 
or neutron fluence monitor, are irradiated with the unknown samples. Once they are analysed, 
the J value can be calculated it with equation [4.3]: 
𝐽 = (
𝐴𝑟𝐾
39
𝐴𝑟∗40
) (𝑒𝜆𝑡𝑠 − 1)        [4.3] 
where λ is the total 40K decay constant and ts is the absolute age of the standard as 
determined by K/Ar or U/Pb, and the 40Ar*/39ArK ratio is derived from the measured 40Ar/39Ar 
in the gas extracted from the standard (McDougall and Harrison, 1999, McDougall, 2014). The 
use of the J value derived from data on fluence monitors of known age also cancels out any 
uncertainties of the precise splitting ratio (40Ar/(40Ar+40Ca)) of the 40K decay. Usually, the J 
value used is derived from regressing the values from standards that .bracket the samples 
spatially during irradiation, because the neutron flux in reactors is not uniform (Reiners et al., 
2018).  
The 40Ar/39Ar age derived by the step heating method can be displayed using either the 
age spectrum or (in cases where the amount of 36Ar is significant) the isochron (McDougall 
and Harrison, 1999). The age spectrum, also known as the 40Ar/39Ar release pattern, is now the 
most commonly used graphical presentation. It is created by plotting the 40Ar/39Ar apparent 
age against the cumulative percentage 39Ar released from the sample (Figure 4.5 A; McDougall 
and Harrison, 1999). In this diagram, undisturbed systems are distinguished from disturbed 
ones using a ‘plateau’ (Dalrymple and Lanphere, 1974). Several schemes have been introduced 
to define the characteristics of a plateau (McDougall and Harrison, 1999). In this study, the 
criteria of Peng et al. (2006), defining a plateau as a sequence of five or more consecutive steps 
corresponding to at least 60 % of the total 39Ar released, yielding apparent ages reproducible 
at 95 % confidence level (2σ) is adopted. However, when even a single step yields greater than 
70 % 39Ar released, it is also termed a plateau. Once a plateau has been recognised, the age is 
usually calculated as the error-weighted mean of the steps comprising the plateau (McDougall 
and Harrison, 1999). Another approach to calculating mean ages from a plateau (or any set of 
steps from an age spectrum) is to virtually re-mix the gas fractions released in the selected steps 
and calculate a pooled gas age (also referred to as an integrated age) from the result. Age spectra 
with undisturbed plateaus are generally interpreted to be indicative of the rock or mineral 
formation age because they represent closed systems characterised by simple behaviour, 
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uniform in 40Ar/39Ar (Figure 4.5 B; Harrison and Zeitler, 2005). Some spectra representing 
closed systems, however, can nevertheless display disturbed release patterns due to the 
presence of excess or inherited argon (Figure 4.5 C and D). Excess argon is the component of 
argon incorporated into samples by processes other than in situ decay, whereas inherited argon 
is due to the incorporation of material older than the sample (Kelley, 2002). Open systems are 
characterised by complex behaviour due to argon loss or redistribution, and their release 
patterns can in some cases be quantitatively interpreted by employing volume diffusion 
behaviour of argon or mixtures of phases with distinctive lattice sites for argon (McDougall 
and Harrison, 1999). 
 
4.2 Analytical methodology at the UJ Noble-Gas Lab 
To attempt 40Ar/39Ar dating of the cave earth samples, we separated grains of Mn 
nodules and mudstone clasts (grain sizes < 1 mm). In addition to these two types of fragments, 
we also included 2-3 mg of the finely milled powder (used for XRD and XRD analyses), to 
analyse as a bulk fraction of the cave earth. These samples were wrapped in aluminum foil and 
packed in a silica glass tube with a 1 cm outer diameter, with 50 samples making up a ca. 4 cm 
high stack. A set of three standards (fluence monitors) was placed at the bottom and top of the 
stack. The standards represented a large age range: Hb3GR amphibole (1080.4 ± 1.1 Ma, Renne 
et al., 2010), McClure Mountain amphibole (MMhb, 523.1 ± 1 Ma, Renne et al., 1998), and 
Fish Canyon sanidine (FCs, 28.201 ± 0.046 Ma, Kuiper et al., 2008). The tube was vacuum 
sealed and irradiated in position B2W (not cadmium-shielded) of the SAFARI1 nuclear reactor 
at Pelindaba, Pretoria, operated by NTP®, a subsidiary of the Nuclear Energy Corporation of 
South Africa (NECSA) specializing in the production of medical isotopes. B2W was calibrated 
previously (Phillips et al., 1998, 1999) and recalibrated by the UJ Noble-Gas Laboratory group 
in 2011-2013 following modifications to the reactor, enabling it to use less enriched uranium. 
With the reactor running at 20 MW, the samples from the cave earth were irradiated for 5 hours. 
Peloids from the soils at Rising Star and Malapa, included in a later batch, were irradiated for 
20 hours. 
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Figure 4.6: 40Ar/39Ar step-heating spectra (left), corresponding apparent Ca/K ratios (right, top) and Cl/K ratios 
(right, bottom) for Mn peloids separated from cave earth samples of the Dinaledi Chamber floor. All errors are 
2σ. 
 
After irradiation, samples were loaded in an aluminium disc sample holder, placed in 
an ultrahigh vacuum laser port fitted with a silica glass window, and baked for 3 hours at about 
220 ℃.  The gas release from samples was done by stepwise heating, using a defocused beam 
from a SPECTRON® continuous Nd-YAG (Nd-doped yttrium–aluminum–garnet) 1064 nm 
laser, capable of producing up to 9W in Too mode. The laser port stands on a joystick-controlled 
microscope stage, and the laser beam is directed through the microscope objective, enabling 
observation of the sample during lasing. The heating time for each lasing step was set to 5 
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minutes. There were between 7 and 12 heating steps for every grain, at a current from 9.5 to 
12 A, yielding temperatures ranging from 600˚C to 1300˚C, when fusion occurs. The extracted 
gas for every heating step was purified using two SAES APG10 getters (one at room 
temperature and one at 400˚C) before it was introduced to the MAP 215-50 mass spectrometer 
for analysis. The argon isotopes were measured in seven cycles using a Johnston electron 
multiplier detector operated in analogue mode. Signals of argon gas greater than 10V in this 
mode were automatically measured using the Faraday detector, followed by an electron 
multiplier gain measurement achieved by slowly pumping out the mass spectrometer using the 
line ion pump while monitoring the 40Ar signal. When this drops below a given safe value, the 
valve is automatically closed and a gain measurement by alternating Faraday and electron 
multiplier measurements on the 40Ar signal is started. Blank measurements were interspersed 
after every three or four analyses. Blank and data runs were regressed to yield signals at the 
time of gas entry into the mass spectrometer. Mass fractionation was corrected using the 
exponential law. Measurements of atmospheric argon yielded 40Ar/36Ar = 288.6 ± 0.8 (2SE, N 
= 61) a value that has not drifted since 2012. With the accepted value (40Ar/36Ar = 298.56 ± 
0.31, Lee et al., 2006) this yields an exponential fractionation factor of -0.321 corresponding 
to c. -0.8% per amu in the argon mass range. 
The regression analysis, corrections and age calculations were done using software 
developed in-house, which includes full error propagation (including uncertainties of the decay 
constant and J-values) by Monte Carlo simulations. Corrections for Ca-produced 39Ar and 36Ar 
as well as K-produced 40Ar are based on multiple calibrations showing no drift since 2012 (see 
Appendix 3). The total decay constant value used is (5.554 ± 0.014) × 10-10 a-1 (Kossert and 
Günther, 2004; Renne et al., 2010). The average J values for all three standards used were 
found to agree within 0.2%, with standard deviations of c. 0.5 % so that their difference is 
insignificant for the present work. These J-values were regressed together to calculate ages. 
Further, although heterogeneity of MMhb has been reported to be a problem (Baksi et al., 1996; 
Renne et al., 1998), we found this monitor to yield the most consistent J-values and in particular 
Ca/K and Cl/K factors. Ages from selected sets of steps, including plateau ages, were calculated 
as pooled gas ages. 
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Figure 4.7: 40Ar/39Ar step-heating spectra for the mudstone fragments separated from cave earth samples of the 
Dinaledi Chamber floor. All errors are 2σ. 
CHAPTER 4: 40Ar/39Ar ages in the CoH and surrounding areas 
62 
 
 
Figure 4.8: 40Ar/39Ar step-heating spectra of the bulk finely milled powder of the Dragon’s Back Chamber floor 
soil (A) and the cave earth samples from the Dinaledi Chamber floor (B-D). All errors are 2σ. 
 
4.3 40Ar/39Ar Results in the Rising Star cave site 
The 40Ar/39Ar dating step results for the analysed materials (Mn peloids and ooids, 
mudstone fragments and finely milled bulk powders) are summarized in Table 4.1. They are 
presented graphically using age spectra in Figures 4.6-4.9. The complete analytical 40Ar/39Ar 
data are in Appendix 3. For the Mn peloids, the Ca/K ratios (derived from 37ArCa/
39ArK) and 
Cl/K ratios (derived from 38ArCl/
39ArK), which can be used to give information on alteration, 
composition and argon loss by recoil (Hall, 2014), are also plotted against cumulative 
percentage 39Ar released (Figure 4.6).  
All the 40Ar/39Ar results obtained are Proterozoic in age (Table 4.1; Figures 4.6-4.9), 
and similar to those obtained from Mn ooids and mudstone fragments from the Sterkfontein 
and Malapa Caves (Makhubela, 2014; Makhubela et al., 2017). The age spectra for all samples 
exhibit similar disturbed and saddle- or hump-shaped 39Ar release patterns. They are 
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characterised by relatively young apparent ages (< 2000 Ma) for low % 39Ar released, both at 
the beginning of heating and at the end (commonly the first two steps and the last few steps). 
The steps immediately after the first two steps, yield apparent ages between 2000 and 2200 Ma 
followed by constant decrease with progressive heating to ages lower than 2000 Ma. Argon 
release patterns characterised by high apparent ages for initial steps, followed by a decrease in 
age with % 39Ar released, are often explained by the presence of excess 40Ar, frequently 
resulting in U-shaped age spectra and seen in igneous and hydrothermal systems (Heizler and 
Harrison, 1988). However, humps in the age spectra can also reflect preferential loss of 39Ar 
by recoil from a fine grained fraction degassed in the respective heating steps (Phillips et al., 
2012; Reuter and Dallmeyer 1989); and if the recoiled 39Ar is reimplanted in a fraction that is 
degassed at a higher temperature step, then this step in turn should reflect a lower apparent age 
(Dong et al., 1995).  Low apparent ages at low-temperature steps have also been linked to a 
loss of 40Ar from small or altered grains or subgrains during irradiation, due to the crystal lattice 
damage associated with the recoil of the 39Ar nucleus (Dong et al., 1995; Hall et al., 1997; 
2000; Hall, 2014). Potassium-poor mineral phases have also been shown to release recoiled 
argon at lower temperatures (Fergusson and Phillips, 2001, Lo and Onstott, 1989). No age 
plateaus are observed in the age spectra of the analysed samples because the individual steps 
do not form flat release patterns and are not all concordant within the 95 % confidence interval 
(McDougall and Harrison, 1999; Peng et al., 2006). Thus, the 40Ar/39Ar ages were calculated 
by virtually pooling the Ar gas released for the steps that formed a near-plateau. These steps 
yield similar amounts of 39Ar gas released, and the pooled 39Ar gas is at least 50 % of the total. 
The majority of the pooled gas ages are concentrated between 1900 Ma and 2100 Ma. Some 
pooled gas ages for the bulk powders and Mn ooids are > 2100 Ma. In the case of a 
redistribution of 39Ar by recoil, a pooled gas age may still yield a rough estimate of the true 
40Ar/39Ar age of the sample even if it does not present a plateau. The similarities of the pooled 
gas ages suggests that recoil redistribution rather than excess 40Ar occurred, and that these 
indeed represent the true age of the dated event.  The Mn peloids from the cave earth yield the 
highest Ca/K and Cl/K ratios for all samples, and they are invariable for the pooled gas age 
steps. The Ca/K ratios are on average below 0.25 for the pooled gas steps, whereas for the 
initial and final steps, yielding apparent ages lower than 2000 Ma, they range between 0.3 and 
1.7. A similar trend was observed for the mudstone fragments with the maximum value at 0.77. 
This correlation between low apparent ages and high Ca/K ratios is challenging to interpret as 
a result of alteration (e.g. calcification). Although the alteration of mudstones has been 
observed, the enrichment of Ca observed in Mn peloids was not observed in the mudstone 
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fragments, which are strongly depleted in Ca except in cases where they contain calcite 
inclusions (see Tables 3.2-3.4 and Figures 3.3-3.6). 
 
Table 4.1: Summary of 40Ar/39Ar dating step-heating results for Mn peloids and mudstone 
fragments from the cave earth on the floor of the Dinaledi Chamber. The finely milled powder 
of the cave earth and soil from the Dragon’s Back Chamber was also analysed for 40Ar/39Ar 
dating. 
Cave name 
and sample 
type 
Sample name Steps 
included 
% 
39Ar 
Pooled gas 
age (Ma) ± 
95 % 
Ca/K ± 1 SE Cl/K ± 1 SE 
Mn peloids in 
cave earth 
SO31 2-9 of 9 97 2096 ± 13 0.218 0.067 .0020 .0007 
SO34 3-8 of 11 72 2081 ± 12 0.120 0.038 .0019 .0007 
SO34 2-11 of 11 98 1989 ± 11 0.189 0.061 .0022 .0008 
SO39 3-12 of 12 78 1975 ± 12 0.136 0.045 .0020 .0008 
 
Mudstone 
fragments in 
cave earth 
SO31-G1-1 2-7 of 9 96 1976 ± 9 0.08 0.03 .0020 .0009 
SO31-G1-2 2-6 of 11 74 2082 ± 9 0 0 .0019 .0004 
SO31-G2-1 3-7 of 12 74 1985 ± 10 0.09 0.04 .0018 .0009 
SO31-G2-2 3-10 of 12 82 1900 ± 8 0.08 0.04 .0153 .0077 
SO34-G1-2 2-4 of 11 70 2005 ± 9 0.06 0.01 .0017 .0003 
SO34-G1-3 3-9 of 11 56 1995 ± 10 0.11 0.03 .0024 .0007 
SO39-G1-1 Step 3 of 10 78 1970 ± 9 0.18 0.09 .0022 .0012 
SO39-G1-6 2-4 of 10 94 1879 ± 9 0.14 0.07 .0021 .0012 
 
Bulk finely 
milled powder 
DB-1 4-9 of 16 70 1995 ± 11 0.88 0.19 .0033 .0009 
SO31 4-12 of 12 88 2066 ± 10 0.65 0.30 .0029 .0015 
SO34 2-12 of 13 98 2108 ± 10 1.27 0.62 .0034 .0019 
SO39 1-9 of 13 92 2155 ± 9 0.46 0.24 .0032 .0018 
 
Mn peloids in 
soil (Rising 
Star Cave 
surface) 
RSS11P_29-1 5-15 of 15 86 2025 ± 14 .014 .0045 .0016 5.4E-5 
RSS11P_29-1 5-10 of 15 53 2068 ± 12 .007 .0025 .0015 3.8E-5 
RSS11P_29-2 6-13 of 20 74 1991 ± 15 .082 .0081 .0017 9.9E-5 
RSS5P_25-1 3-8 of 10 78 1931 ± 15 0.11 .019 .0037 2.4E-3 
 
Mn ooids 
Malapa soil 
MMN-1R_27-
1 
4-7 of 10 80 2105 ± 12 0.15 .0088 .0020 1.2E-4 
 
 
4.4 Discussions 
4.4.1 The provenance of the dated materials 
Prior to Makhubela (2014) and Makhubela et al. (2017), the Mn ooids and peloids had 
never been described from rocks of the Transvaal Supergroup, particularly in the CoH. Their 
presence in the cave deposits and surface soils was also undocumented. The 40Ar/39Ar ages of 
the Mn peloids and ooids provide information pertinent to their probable origin and their 
history since formation. The similarities in chemistry of the Mn peloids and ooids (Makhubela 
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et al., 2017) suggests that they were formed in similar processes. Considering the 
Paleoproterozoic ages for the Mn peloids and ooids, three possible hypotheses for their 
formation present themselves:  
1. The peloids and ooids were formed in the cave environment but incorporated old 
K-bearing minerals. 
2. The peloids and ooids were formed in the soil recently, incorporating old K-bearing 
minerals, and were washed into the caves.  
3. The peloids and ooids are themselves old, and occur in the bedrock of the Malmani 
Subgroup dolomite sequences.  
 
The first and second hypotheses are not supported by the data. The Mn peloids of the 
Rising Star cave earth and soils do not contain K-rich inclusions, and K is seen to occur in the 
extremely fine-grained Fe-Mn-oxyhydroxide. K in the Mn ooids of the Malapa Cave clastic 
rocks and soils is hosted in the fine-grained Fe-Mn-oxyhydroxide phases and in mica inclusions 
occurring in the concentric coating. Yet, both types of concretions, whether from the cave 
sediments or from surface soils yield very similar 40Ar/39Ar ages (Figures 4.6 and 4.8; 
Makhubela et al., 2017).  Also, the observed young apparent ages (300 - 1000 Ma) of the initial 
steps are far too old to reflect mineral matter formed in the cave.  The caves themselves only 
formed during Pliocene times (Dirks and Berger, 2013). The young apparent ages of the low-
temperature steps may very well be associated with alteration or recoil effects (Fergusson and 
Phillips, 2001, Lo and Onstott, 1989).  
The third hypothesis is not prohibited by any data. It is also consistent with the presence 
of similar Fe-Mn-rich concretions formed during the Paleoproterozoic and described from 
different rocks of the Transvaal Supergroup and Soutpansberg Group, located in close 
proximity. Calcitic ooids, composed of a monocrystalline or polycrystalline carbonate nucleus 
with a concentric-textured calcitic and/or dolomitic cortex, are common in stromatolitic and 
oolitic platformal dolomites of the Malmani Subgroup in areas of the CoH (Beukes, 1983b; 
Eriksson & Altermann, 1998). The differences between the calcitic ooids and Mn ooids could 
be the conditions of the depositional environments. For example, cyclic patterns of siliciclastic 
influx or the redox conditions facilitating Mn precipitation. Fe-rich ooids have been described 
from oolitic and pisolitic iron formations of the Rooihoogte, Timeball Hill and Strubenkop 
Formations (Astrup and Hammerbeck, 1998; Bekker et al., 2004). The most probable origin of 
the Mn peloids and ooids is the bedrock in the CoH, in units that have not been studied in detail, 
especially using advanced petrographic techniques presently available. Their occurrence in 
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chert has been observed (Figure 3.10 F) and they might be occurring in dolomite as well, but 
not observed because dolomite is dissolved away unlike chert. Their high concentration in the 
Unit 3b cave earth of the Dinaledi Chamber (which contains no externally derived sediments, 
Dirks et al., 2015) also supports the suggestion that they are sourced from the walls of the 
caves.     
 
Figure 4.9: 40Ar/39Ar step-heating spectra of Mn peloids from surface soil at the Rising Star Cave site (A-C) and 
Mn ooids from surface soil at the Malapa Cave site (D). All errors are 2σ. 
 
The chemistry of the cave earth and mudstone fragments yields K/Al ratios lower than 
for muscovite, and suggest a dominant presence of clay mineral assemblages. However, their 
Palaeproterozoic 40Ar/39Ar ages indicate that no K-bearing clay minerals such as illite were 
formed in the cave environment. The bulk cave earth powders strictly ages of both the sericite 
grains in the mudstone fragments and the Mn peloids, which also occur as inclusions in the 
mudstone fragments. Thus, the similarities between the pooled gas ages of the bulk cave earth 
powders and those of the mudstone fragments and the Mn peloids, suggests a common origin 
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for the K-bearing minerals in the cave earth. Since the Dinaledi Chamber does not contain 
externally derived sediments (Dirks et al., 2015), the source of the mudstone fragments in the 
cave earth is the shale interbeds within the dolomite country rock of the caves (Martini et al., 
2003; Eriksson et al., 2006; Dirks and Berger, 2013).  
 
 
4.4.2 The meaning of the Palaeoproterozoic 40Ar/39Ar ages 
The Palaeoproterozoic ages obtained in this study are not useful for cave 
geochronology, but they provide information pertinent to understanding the tectonism that 
affected the area and played a role in the formation of the caves.  All the materials yield similar 
pooled gas 40Ar/39Ar ages ranging between 1900 Ma and 2155 Ma, and concentrated around 
2000 Ma. Different types of material from the CoH and immediate surroundings, dated using 
the 40Ar/39Ar dating method in several studies, have persistently yielded apparent ages in this 
range (Figure 4.10 A; Alexandre et al., 2006; Makhubela, 2014; Makhubela et al., 2017; 
Boshoff, 2018; Ormond, 2018). They are all interpreted to represent an event or events that 
affected the rocks of Transvaal Supergroup in the area, as opposed to ages of formation. 
Alexandre et al. (2006) reported two well-defined groups of ages (~ 2.15 Ga and ~ 2.04 Ga, 
respectively) from white mica in phyllites of the Transvaal and Witwatersrand Supergroups 
(Figure 4.10 B). They interpreted both these age groups to be well-defined from the 
emplacement age of the Bushveld Igneous Complex (now known to have been emplaced 
rapidly at 2.056 ± 0.0006 Ga, Zeh et al., 2015) and from the Vredefort impact event (2.023  ± 
0.003 Ga, Kamo et al., 1996). Alexandre et al. (2006) assigned the ~ 2.04 Ga ages to a 
hypothetical extensive fold-and-thrust belt, named the Transvaalide fold-and-thrust belt while 
the ~ 2.15 Ga ages were associated with an earlier tectonic event. In the Rising Star cave system 
there is a layer parallel shear zone, located in the uppermost part of the Oaktree Formation, 
interpreted as a decollement (Boshoff, 2018). The 40Ar/39Ar individual step ages from sericite 
separated from this decollement yield a single well-defined 40Ar/39Ar age (Figure 4.10 C). This 
age has been interpreted to represent the tectonic activity associated with the Bushveld Igneous 
Complex (Boshoff, 2018). In areas surrounding the Johannesburg Dome, to the west of the 
CoH, Ormond et al. (2018) have observed lower greenschist facies deformation in shales and 
sandstones of the Transvaal Supergroup. This deformation event has been dated using 
synkinematic white micas, which yielded two age populations (Figure 4.10 D). The dominant 
peak, representing ages that range between 2016 and 2026 Ma, is interpreted as overprinting 
by the Vredefort Impact.  
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Figure 4.10: Probability density plots of 40Ar/39Ar ages obtained in the CoH and surrounding areas. (A) Plot of 
probability diagrams from different studies given by B-F. (B-C) Plot of ages from Alexandre et al. (2006) and 
Boshoff (2018), respectively, based on the ages and error margins of all individual steps. (D) Plot of ages from 
Ormond et al. (2018) based on pseudo-plateau ages. (E-F) Plot of ages of Mn peloids and ooids (E) and mudstone 
fragments and bulk cave earth (F), respectively, dated in this study and Makhubela et al. (2017) based on pooled 
gas ages.  
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The variety of materials dated in this study (Mn peloids and ooids, mudstone fragments 
and bulk cave earth) yield several age populations (Figure 4.10 E and F). The Mn peloids and 
ooids are dominated by two peaks distinct from either the Bushveld Igneous Complex or the 
Vredefort Impact (Figure 4.10 A and E). The mudstones exhibit one dominant peak of a similar 
age population to the younger dominant peak of the Mn peloids and ooids (Figure 4.10 A and 
F). These dominant peaks are probably overprints of the Bushveld Igneous Complex and the 
Vredefort Impact, respectively, but shifted towards younger ages due to their alteration 
histories both in the cave and on surface. The similarities of their age populations with those 
from bedrock in other studies (Figure 4.10 A) is confirmation that the dated materials were not 
formed in the cave environment as initially suspected. They were eroded from the rocks of the 
Transvaal Supergroup, which have experienced regional tectonic and impactogenic events 
(Alexandre et al., 2006; Makhubela et al., 2017; Boshoff, 2018; Ormond, 2018), leading to 
minimal and partial resetting of their Ar-Ar systematics. The retentivity for argon of the small 
sericite flakes within the cave mudstones, and of the peloids and ooids, even in the soil 
environment, is quite remarkable. 
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CHAPTER 5: Principles and methodologies of cosmogenic 
nuclide studies 
 
5.1 Cosmogenic nuclides in Earth Sciences 
Cosmogenic nuclides are rare isotopes produced by the action of cosmic rays in the 
atmosphere and in minerals on the Earth’s surface. Goose and Phillips (2001) provide a 
comprehensive review of the physical principles of terrestrial (in situ produced) cosmogenic 
nuclides. Cosmic rays are comprised of (a) galactic cosmic rays, which are high-energy, 
charged particles generated in supernovas, and (b) solar cosmic rays associated with energetic 
events on the Sun (Goose and Phillips, 2001; Dunai, 2010; von Blanckenburg and Willenbring, 
2014). Primary cosmic rays have energies of 0.1 to 1020 giga-electron volts (GeV) nucleon-1 
and include protons (83%), α-particles (13%), and heavier nuclei (1%) (Gosse and Phillips, 
2001). When they interact with molecules in the Earth’s atmosphere, they produce secondary 
cosmic rays, which are nucleons (neutrons, protons) and muons with 0.1 to 500 mega-electron 
volts (MeV) energies (Gosse and Phillips, 2001; von Blanckenburg and Willenbring, 2014). 
Due to the high energies of the cosmic rays, in excess of the binding energies of atomic nuclei 
(typically 7–9 MeV per nucleon), spallation (a process by which nucleons are sputtered off 
target nuclei) is the dominant nuclear reaction in the atmosphere (Goose and Phillips, 2001; 
Dunai, 2010). Nucleons produced by spallation commonly continue in the direction of the 
impacting particle, and they can retain enough energy to induce spallation in other target 
nuclides and produce a nuclear cascade in the Earth’s atmosphere (Figure 5.1; Dunai and 
Lifton, 2014). Cosmogenic nuclides produced in the atmosphere, dubbed meteoric cosmogenic 
nuclides, are more abundant than those produced within minerals and rocks on the Earth’s 
surface and termed terrestrial or in situ cosmogenic nuclides (Goose and Phillips, 2001; 
Granger, 2014). More than 98% of terrestrial cosmogenic nuclide-production arises from 
secondary cosmic-ray particles (Dunai and Lifton, 2014). There are many different kinds of 
terrestrial cosmogenic nuclides, but only a few are useful for applications in Earth sciences. 
According to Dunai (2010), in order for a cosmogenic nuclide species to be of use in Earth 
science applications, it must meet the following criteria: 
a) It must be rare or absent in minerals, apart from its accumulation due to cosmogenic 
production. 
b) It must either be a stable or a long-lived radioactive isotope, with a half-life of the 
same order or greater than the time scale of the geological process investigated. 
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c) It should be possible to use analytical techniques to resolve any naturally occurring 
interferences on it, such as a meteoric cosmogenic component or any geological 
background. 
d) There must be reasonable understanding of the production mechanisms of the 
nuclide, i.e. knowledge of the relevant target element(s), and the relative 
contributions of spallation, thermal neutrons and muons to the nuclide’s 
production. 
e) The analytical effort must be feasible and the nuclide must be analysed with 
confidence and/or reasonable effort. 
 
 
Figure 5.1: The secondary cosmic ray cascade caused by spallation in the atmosphere. P and N are high-energy 
(> 10 MeV) secondary protons and neutrons that continue the nuclear cascade towards the surface, whereas n, p 
and α are secondary particles that do not. 𝜋± = pions, 𝜇± = muons, 𝑒± = positrons. Adapted from Dunai and 
Lifton (2014). 
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The measurement of cosmogenic nuclides has revolutionized, and continues to do so, 
our understanding of Earth-surface processes. The main applications of cosmogenic nuclides 
in Earth science are: (a) exposure dating of geologic and geomorphic surfaces, (b) burial dating, 
(c) determination of erosion or denudation rates, (d) constraining uplift rates, and (e) soil 
dynamics (Dunai, 2010). Table 5.1 gives an overview of terrestrial cosmogenic nuclides 
currently used in Earth science applications. The stable, rare noble gas isotopes: 3He, 21Ne and 
22Ne, and radionuclides: 10Be, 14C, 26Al and 36Cl are routinely used (Dunai, 2010; Granger, 
2014; von Blanckenburg and Willenbring, 2014). In situ studies of denudation rates, exposure 
dating and burial dating mainly use in situ produced 10Be and 26Al in the mineral quartz for the 
following reasons (Lal and Arnold, 1985; Dunai, 2010; Granger, 2014): 
a) Quartz is geologically prevalent (i.e., found in many rocks or a wide range of 
geological settings) and resistant to weathering and abrasion. 
b) It has a uniform, simple SiO2 chemical composition and a compact crystalline 
structure that permits little contamination from stable (i.e., noncosmogenic) 
beryllium or aluminium. 
c) The separation of quartz from other minerals and cleaning of any contamination is 
achievable with reasonable effort. 
 
Figure 5.2: Production rate of 10Be (SLHL) in quartz (SiO2) as a function of depth, in meters water equivalent 
and meters rock (density = 2.6 g cm-3), based on Heisinger et al. (2002a,b). Production on surface is dominated 
by neutron spallation but at great depths it is only due to muons. Adapted from Granger (2014). 
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5.1.1 Cosmogenic nuclides used in this study 
 
10-beryllium (10Be) 
Beryllium has one stable isotope (9Be) and two cosmogenic radionuclides (7Be and 
10Be). Only 10Be with a half-life (T1/2) of 1.387 ± 0.012 Ma (Chmeleff et al., 2009; Korschinek 
et al., 2009) is useful for in situ applications because 7Be has a half-life ~ 53 days (Dunai, 
2010). The production rate of meteoric 10Be in the atmosphere by spallation reactions on 
nitrogen and oxygen is 103 times faster than in situ per unit of mass (Gosse and Phillips et al., 
2001). Meteoric 10Be falls down, via rain or dry aerosol deposition, onto the Earth’s surface 
and is strongly adsorbed onto fine-grained soil particles (Willenbring and von Blanckenburg, 
2010). Hence, in situ applications require sequential chemical etching of grains to remove 
meteoric 10Be. For this reason, quartz is more widely used for in situ studies than other mineral 
phases. In situ, 10Be is primarily produced by spallation reactions from O, and to a limited 
extent from heavier elements like Mg, Al, Si and Ca (Masarik, 2002, Kober et al., 2005).  
26-aluminium (26Al) 
Aluminium has one stable isotope, 27Al, and occurs as a major element in many 
minerals or a detectable trace element in most.  Only one cosmogenic radionuclide, 26Al, exists 
and T1/2 = 0.708 ± 0.017 Ma (Nishiizumi, 2004). For analysis of 26Al in quartz, the 27Al content 
must be low (< 100 ppm) to allow for precise measurement of 26Al/27Al (Dunai, 2010). The 
advantage of using 26Al for in situ applications is the scarcity of meteoric 26Al, which has a 
limited production in the atmosphere due to lack of suitable target elements (Gosse and Phillips, 
2001). In fact, when in situ 26Al and 10Be are analysed in the same sample, the meteoric 26Al is 
not a concern because the rigorous cleaning procedure required for 10Be removes any meteoric 
26Al that may be present (Dunai, 2010). In quartz and other silicate minerals, the most important 
production of 26Al is by spallation reactions from 27Al and Si (Masarik, 2002), whereas in non-
silicate minerals it is produced from P, S, Cl, K and Ca (Dunai, 2010).  
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Table 5.1: In situ produced cosmogenic nuclides commonly used in Earth-science 
applications (adapted from Dunai, 2010).  
Isotope Half-life (T1/2) Main target 
minerals 
Predominant 
target elements 
Reaction pathways (sea level high 
latitude; SLHL) 
3He Stable Olivine, pyroxene, 
other He-retentive 
minerals 
All major 
elements 
Spallation: 100 %, muons: negligible 
10Be 1.39 ± 0.012 
Ma a 
Quartz (rarely 
olivine, pyroxene) 
O, Si (Mg) Spallation: 96.4 %, muons: 3.6 % 
14C 5730 ± 30 a b Quartz O, Si Spallation: 82 %, Muons: 18% 
21Ne, 
22Ne 
Stable Quartz, olivine, 
pyroxene 
Mg, Al, Si Spallation: > 96.4 %, Muons: ≤ 3.6 % 
26Al 708 ± 17 ka c Quartz Si Spallation: 95.4 %, Muons: 4.6 % 
36Cl 301 ± 2 ka d Carbonates, 
feldspar, (rarely 
whole rock) 
K, Ca, Cl, (Fe, 
Ti) 
K: spallation 95.4 %, muons 4.6%; 
Ca: spallation 86.6 %, muons 13.4 %,  
Fe, Ti: spallation presumed 100 %, 
Thermal neutrons produce 36Cl from 
Cl and K. 
36Ar, 
38Ar 
Stable Feldspar, 
amphibole, 
pyroxene 
K, Ca Spallation: up to 100 %, 
Muons: not determined 
41Ca 104 ± 4 ka e Fe-Ti oxides Fe, Ti, (Ca) Fe, Ti: spallation 100 %, 
Thermal neutrons produce 
41Ca on 40Ca 
53Mn 3.7 ± 0.4 Ma f Fe-bearing 
minerals 
Fe, Mn Fe: spallogenic 90.2 %, muons 9.8 %; 
Mn: not determined. 
Half-lives from (a) Chmeleff et al., 2009; Korschinek et al., 2009 (b) Lederer et al.; 1978 (c) 
Nishiizumi, 2004 (d) Holden, 1990 (e) Kutschera et al., 1992 (f) Honda and Imamura, 1971. 
Abbreviations: a= annum, ka= kiloannum, Ma= Megaannum 
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Table 5.2: Nomenclature for symbols used in the cosmogenic nuclide equations. Modified 
from Granger and Riebe (2014). 
Symbol  Definition 
D Denudation rate (m/Ma) 
E Physical erosion rate (m/Ma) 
W Chemical erosion rate (m/Ma) 
Drock Bedrock denudation rate (m/Ma) 
Gsoil Rate of soil formation (m3/Ma) 
Rsoil Removal rate of soil (m3/Ma) 
Finsol Volume fraction of insoluble minerals in bedrock 
P(z) Production rate as a function of depth (atoms/g/a) 
Pn Cosmogenic nuclide production by nucleon spallation (atoms/g/a) 
Pµ Cosmogenic nuclide production by muons (atoms/g/a) 
N Concentration of cosmogenic nuclide (atoms/g) 
Ninh Inherited cosmogenic nuclide concentration (atoms/g) 
Nsaprolite Cosmogenic nuclide concentration in saprolite beneath soil cover 
(atoms/g) 
Rinh Inherited ratio of cosmogenic nuclide concentrations  
[iN] Concentration of cosmogenic nuclide (atoms/g) 
Λ Mean free path length (g/cm2) 
n Mean free path length for neutrons (g/cm2) 
µ Mean free path length for muons (g/cm2) 
A Production rate factor (atoms/g/a) 
L Penetration length factor (cm) 
𝜌 Average density of the overburden (g/cm3) 
z Depth below the surface (cm) 
h Mixing depth of soil (cm) 
As Surface area (m2) 
Vsoil Total volume of soil (m3) 
havg,area Average soil depth over an area (m2) 
t Time (a) 
𝜏 Average residence time (meanlife) (Ma) 
𝜏1 Near-surface residence time before burial (Ma) 
𝜏2 Near-surface residence time after burial (Ma) 
tbur Duration of burial (Ma) 
𝜆 Radioactive decay constant (a-1) 
𝜆bur Burial decay constant (a-1) 
i Identity of the nuclide or mode of cosmogenic nuclide production 
〈 〉 Average value 
 
5.1.2 Production rates of in situ-produced cosmogenic nuclides 
The successful application of cosmogenic nuclides in Earth surface sciences hinges on 
the accurate knowledge of their production rates, which can be derived via three different 
methods: (i) physical principles, (ii) irradiation experiments and (iii) geological calibration 
(Dunai, 2010). Geological calibration is the most commonly applied method, and involves the 
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measurement of cosmogenic nuclide concentrations in samples from geological surfaces with 
a known simple exposure history (i.e. stable, no erosion, continuously exposed) (Goose and 
Phillips, 2001; Dunai, 2010). The surfaces must have been exposed for an independently 
determined duration or sufficiently old for the radionuclides to have reached saturation, i.e. a 
concentration for which loss by decay equals production (Goose and Phllips, 2001). The 
production rates of cosmogenic nuclides in rocks on surface are important for understanding 
their application in exposure dating and quantifying erosion or denudation rates, whereas those 
at depth are critical for their application in burial dating. When the cascade of secondary 
particles reaches the lower atmosphere, it is composed almost entirely of neutrons and muons 
(Figure 5.2). The neutrons and muons continue to penetrate into the upper meters of rock or 
soil at the ground surface but are attenuated below Earth’s surface as a function of the mass 
penetrated (Lal and Peters, 1967; Bierman and Nichols, 2004; Balco, 2017). The production 
rates of cosmogenic nuclides are a function of the energy spectrum of the impacting cosmic 
ray particles and the corresponding reaction probabilities for target nuclei (Reedy, 2013; Dunai 
and Lifton, 2014). They are influenced by several factors that modulate the flux of secondary 
cosmic rays to the surface, including latitude, altitude, and time (Balco et al., 2008; Balco, 
2017). The variability of the cosmic-ray flux is described by scaling factors, which are a 
formulaic description of the influence of the Earth’s and Sun’s magnetic fields, and 
atmospheric mass on cosmogenic nuclide production rates (Goose and Phillips, 2001; Dunai, 
2010). They are the essential tools needed to translate the local production rates derived from 
geological calibration sites to other sites at any latitude and elevation, where cosmogenic 
nuclides are applied to address geological questions (Dunai, 2010). Normally, scaling factors 
are formulated such that the product of the site-specific scaling factor and the sea level high 
latitude (SLHL) production rate of a nuclide provides the site-specific nuclide production rate 
(Balco, 2017). There is a latitudinal gradient in production rates because primary cosmic rays 
are charged particles which are deflected by the solar and geomagnetic fields (Dunai, 2001; 
Granger, 2014). Muons are less sensitive to the magnetic field because they are formed by pion 
decay in the upper atmosphere (Stone et al., 1998; Dunai, 2010). Thus secondary neutrons and 
muons scale differently with latitude. The flux of secondary neutrons at the ground surface 
varies strongly with geomagnetic field strength and is regulated by up to 40 % from high 
latitudes (> 60°) to the equator (Goose and Phillips, 2001; Granger, 2014). The latitudinal 
distribution of production rates is affected by changes in the geomagnetic field strength and the 
geomagnetic pole position over time (Dunai, 2001; Dunai and Lifton, 2014). Changes in the 
geomagnetic field strength have minimal effect on production rates at high latitude, while at 
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the equator the production slows down during times of high field strength (Dunai, 2010; von 
Blanckenburg and Willenbring, 2014). Altitude influence the production rate because when the 
nuclear cascade of secondary cosmic rays traverses the atmosphere, it continually loses energy 
and particles (Lal, 1991; Dunai, 2001; Desilets and Zreda, 2003; Desilets et al., 2006). Near 
sea level, neutron spallation increases exponentially with altitude, with a length scale of about 
1.2 km (Granger, 2014). Altitude has little influence on muons but a lot remains unknown about 
the exact scaling of muogenic production (Dunai and Lifton, 2014). 
The production rate of 26Al and 10Be in quartz on surface commonly ranges from 100 to 
102 atoms per gram of quartz per year (at g-1 year-1) (Dunai, 2010; Granger, 2014). The 
production rate as a function of depth Pi(z) by neutron spallation is given by the relationship in 
equation [5.1]: 
𝑃𝑖(𝑧) =  𝑃𝑖(0)𝑒
−𝜌𝑧/Λ         [5.1] 
where Pi(0) represents the local production rate constant derived from the value at SLHL and 
the site-specific scaling factor (see above), ρ is the average density of the overburden, z is the 
depth below the surface, and subscript i gives the identity of the nuclide. Λ is the mean free 
path length defined as the distance over which the cosmic-ray flux decreases by a factor of e-1 
(Dunai, 2010). It is inversely proportional to the density and also varies with altitude and 
latitude (Goose and Phillips, 2001). The typical value for Λ is ~ 160 g cm-2 and in a typical 
silicate rock (ρ = 2.6 g cm-3), the penetration length (mean free path) of neutrons will be 61 cm, 
and for soil (with bulk density ρ =1.5 g cm-3), the mean penetration length will be substantially 
longer, ~ 107 cm (Granger, 2014). Production rates by neutron spallation are attenuated by 
99% at 3 m depth (z) in rock, and by 99.99% at 5.6 m (Granger, 2014). 
Muons are far less interactive than neutrons and so they produce only 2 - 3% of the total 
production at the ground surface (Dunai, 2010). However, they dominate production at greater 
depths because they penetrate more deeply (Brown et al., 1995; Granger, 2013). Muogenic 
production takes place via two different types of reactions: negative muon capture and fast 
muon reactions (Goose and Phillips, 2001; Dunai and Lifton, 2014). Negative muon capture 
happens when the slowing negative muons are captured into an electron orbit, ultimately 
collapsing into the nucleus where they can react with a proton to create a neutron and excess 
energy (Granger, 2013). Cosmogenic nuclides are then produced by the subsequent loss of 
nucleons. The stopping rate of negative muons has been well characterized as a function of 
depth (Heisinger et al., 2002a,b), with a mean free path of c. 6 m in rock, and c. 10 m in soil. 
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Their reactions dominate down to depths of about 3 m in rocks (Granger, 2013). Fast muon 
reactions occur when high-energy muons interact with the mineral crystals as they pass 
through, producing, among other effects, electromagnetic showers, photons and various 
hadrons, which can all produce nuclides by spallation reactions. This complicated set of 
processes is generally treated as a continuum with an energy-dependent cross section 
(Heisinger et al., 2002a; Dunai, 2010). Fast muon reactions dominate the production of 
cosmogenic nuclides below c. 3 m and their mean free path length is about 17 m in rock (Goose 
and Phillips, 2001). Production rates by all three processes (neutron spallation, negative muon 
capture, and fast muon reactions) can be approximated using equation [5.2]: 
𝑃𝑖 = ∑ 𝐴𝑖,𝑗𝑒
−𝑧/𝐿𝑗
𝑗           [5.2] 
where the variables Ai,j and Lj represent production rate factors and penetration length factors. 
The nomenclature for the symbols used in the cosmogenic nuclide equations is given in Table 
5.2. 
5.2 Applications of cosmogenic nuclides in Earth Sciences  
In the last three decades, cosmogenic nuclide analyses have become a preferred method 
to quantitatively study and understand earth surface processes, landscape changes and their 
rates (Gosse and Phillips, 2001; von Blanckenburg, 2005; Dunai, 2010; Granger et al., 2013, 
Riebe and Granger, 2013). 10Be produced in quartz is the most widely used cosmogenic 
radionuclide for determining denudation rates (von Blanckenburg, 2005; Bierman and Nichols, 
2004; Granger and Riebe, 2013). In situ produced 26Al in quartz is hardly used for denudation 
studies but it is commonly paired with 10Be for burial dating (Granger, 2014; Gibbon et al., 
2014; Granger et al., 2015). Cosmogenic nuclides have become an important tool to date fossil-
bearing deposits in the CoH (Partridge et al., 2003; Gibbon et al, 2014; Granger et al., 2015; 
Kramers and Dirks, 2017) and to quantify landscape changes in southern Africa (Dirks et al., 
2010; 2016). In this study, I used 10Be to determine the denudation rates and exposure ages of 
surface soil above the Rising Star Cave. I further paired 10Be with 26Al to study the exposure 
history of the soil and to determine burial ages of sediments deposited in the Rising Star Cave 
System. Below I summarise, from the comprehensive reviews of Granger and Riebe (2014) 
and Granger (2014), the theory underlying the application of cosmogenic nuclides for studying 
different Earth-surface processes.  
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5.2.1 Exposure dating 
The 10Be and 26Al inventory of a quartz grain, accumulated during its continuous 
exposure to cosmic rays, can be used to determine its surface exposure age or the denudation 
rate of its host rock. This inventory is commonly referred to as concentrations, and denoted by 
Ni (where i represents the nuclide, e.g. N10 for 10Be and N26 for 26Al), respectively. The nuclide 
inventory (Ni) reflects a balance between production (Pi) as a function of time (t) and 
radioactive decay, and can be modelled using equation [5.3] (Granger, 2014): 
𝑑𝑁𝑖
𝑑𝑡
= 𝑃𝑖(𝑡) − 𝜆𝑖𝑁𝑖         [5.3]  
where λi represents the radioactive decay constant (a-1). The decay constant (λi  = ln(2)/T1/2, λ10 
= 4.99×10-7 ± 5.78×10-5 a-1; λ26 = 9.79×10-7 ± 4.08×10-6 a-1; Middleton et al., 1993; Norris et 
al., 1993) is the inverse of the mean-life τi (λ = τ-1; 𝜏10 = 2.001×10
6 ± 0.02 a; 𝜏26 = 1.021×10
6 
± 0.02 a). Surface exposure dating can be used to determine the age of a geologic surface 
(bedrock or unconsolidated deposits), provided that the surface has not eroded or aggraded 
since the time that it was first created or exposed (Granger and Riebe, 2014). The cosmogenic 
nuclide concentration of that surface at any depth (z) under a zero erosion condition is given 
by: 
𝑁𝑖(𝑡) = 𝑁𝑖𝑛ℎ(𝑧)𝑒
−𝑡𝜆𝑖 + ∑ 𝑃𝑖(𝑧)
1
𝜆𝑖
(1 − 𝑒−𝑡𝜆𝑖)     [5.4] 
where t is time and Ninh is the inheritance (i.e., the amount of cosmogenic nuclides inherited 
from previous exposures (t = 0) and/or non-cosmogenic production (Granger, 2014; Granger 
and Riebe, 2014). Pi is the production rate as given by equation [5.1]. When the exposure period 
is short with respect to radioactive decay or for stable nuclides, equation [5.4] is simplified to 
a linear build-up model in which the concentration is simply proportional to the exposure time 
given by: 
𝑁𝑖(𝑡) = 𝑁𝑖𝑛ℎ(𝑧) + ∑ 𝑃𝑖(𝑧)𝑡        [5.5] 
In cases where the unconsolidated deposits have experienced minor erosion since their time of 
deposition, the inherited cosmogenic nuclide concentrations must be determined explicitly to 
avoid obtaining underestimated ages (Granger and Riebe, 2014). 
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Figure 5.3: Model depicting the accumulation and loss of cosmogenic nuclides in a vertically mixed soil. When 
the input for the conversion of unweathered bedrock to saprolite (D) is balanced by the sum of the output from 
chemical erosion of saprolite (Wsap), chemical erosion of soil (Wsoil), and physical erosion of soil (Esoil), the mass 
of regolith is steady. Likewise, when the generation of soil (Gsoil) is balanced by the sum of Wsoil and Esoil, the soil 
thickness (h) is steady. Production in the mixed layer of soil is averaged (<P>) by Wsoil and Esoil. Physical erosion 
adds quartz containing cosmogenic nuclides from saprolite and removes quartz from the mixed layer. Chemical 
erosion enriches insoluble quartz in both the deep saprolite and mixed layer. Modified from Granger and Riebe 
(2014). 
 
5.2.2 Quantifying erosion/denudation rates 
Denudation, from the perspective of cosmogenic nuclide production, can be considered 
simply in terms of the translocation of mass as mineral grains are eroded from depth, detached 
from bedrock, and transported through soils by physical and chemical processes (Granger and 
Riebe, 2014). In this study, the terminology of Granger and Riebe (2014) will be used for 
common concepts that are defined differently across disciplines. The term physical erosion (E) 
will refer to the exclusive mass loss by the physical removal of mineral grains, including 
bioturbation by tree throw, rooting, animal burrowing, rain splash, freeze–thaw heaving and 
solifluction, and landsliding. Chemical erosion (W) will refer to mass loss associated with the 
alteration and dissolution of minerals by meteoric water. The total mass loss due to the sum of 
physical and chemical erosion will be termed denudation (D), represented by: 
𝐷 = 𝐸 + 𝑊          [5.6] 
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with the units for all in mass per unit area per time. The term soil will be used, instead of 
regolith, to refer to material that has been mobilized, irrespective of its state of weathering or 
degree of horizonation. The concentration of in situ produced cosmogenic nuclides in a mineral 
grain increases with the amount of time taken to transport the mineral grain from a shielded 
position in the subsurface to a fully exposed position at the surface (i.e. concentration increases 
with the erosion rate) (Gosse and Phillips, 2001; Bierman and Nichols, 2004; Dunai, 2010). 
When using cosmogenic nuclides to determine the rate of landscape change, the denudation is 
commonly assumed to be in steady-state. Thus, for the steady-state assumption to be strictly 
valid, denudation rates must have remained constant for long enough to remove several meters 
of rock and soil (Granger and Riebe, 2014). Under steady denudation, the depth of a particular 
mineral grain can be modelled with equation [5.7]: 
𝑧(𝑡) = 𝑧(0) − (𝐷/𝜌)𝑡        [5.7] 
where D is the denudation rate and t is time measured forward into the future. From the 
Lagrangian perspective of the path of a mineral grain, the production rate can be modelled with 
equation [5.8], assuming that at time t = 0, the mineral grain had a negligible production rate 
(Granger and Riebe, 2014). 
𝑃(𝑡) = ∑ 𝑃𝑖𝑒
−(𝜌𝑧(0)−
𝐷𝑡
Λ𝑖
)
        [5.8]  
The steady-state cosmogenic nuclide concentration is given by equation [5.9] obtained by 
substituting equation [5.8] in equation [5.3]: 
𝑁𝑖(𝑧) = ∑ {𝑃𝑖(0)𝑒
−
𝜌𝑧
Λ𝑖 / [𝜆𝑖 +
𝐷
Λ𝑖
]}       [5.9] 
Equation [5.9] allows us to interpret cosmogenic nuclides concentrations of a rock surface or 
of a sediment that is not being vertically mixed, as denudation rates (Granger and Riebe, 2014). 
That is because the history of production within mineral grains in the rock or immobile soils 
depends only on the removal rate of overlying material. The trajectory of the mineral grains is 
then always towards the surface. When the denudation scenario is unsteady and complicated 
due to processes such as vertical mixing within soil or regolith, then a different mathematical 
framework of modelling the average cosmogenic nuclide concentration is needed. Granger and 
Riebe (2014) offers a comprehensive review of different scenarios and in the next section, I 
only summarise complications due to vertically mixed soils (Figure 5.3). In vertically mixed 
soils, the trajectory of any particular mineral grain may be unpredictable, with its exposure 
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history complicated by repeated exposure at the surface and burial at depth. In that case, it is 
impossible to accurately model the exposure history of any given clast. The best approach is to 
model the average cosmogenic nuclide concentration in the soil by analysing bulk samples that 
are comprised of many grains and representative of the average. 
 
Figure 5.4: Model for predicting the 10Be concentrations in well-mixed soil profiles. The bold line represents the 
actual 10Be concentration, and the dashed line represents 10Be concentrations in an unmixed profile for reference. 
When there is only exposure without erosion, the 10Be concentrations correspond to a vertical average, as shown 
in equation [5.10]. For the case of steady-state erosion, the 10Be concentrations match the value expected for 
production rates at the surface, as shown in equation [5.13]. Soils that are truncated by recent erosion have 10Be 
concentrations higher than would be expected from concentrations in the unmixed parent material. Modified from 
Granger and Riebe (2014). 
 
5.2.3 Cosmogenic Nuclides in Vertically Mixed Soils 
5.2.3.1 Exposure dating of vertically mixed soils 
Cosmogenic nuclide production is depth-dependent for exposure dating of bedrock 
because mineral grains experience an exponentially increasing production rate through time 
when they approach the surface. In vertically mixed soils, however, the average production rate 
in the soil is constant throughout the mixed zone (Granger and Riebe, 2014). Although the 
production rate within any given grain at any given time depends on its depth, each grain spends 
part of the time at the surface and part of the time at depth. If it is assumed that the soil is well 
mixed so that a large enough sample of grains will accurately reflect the average cosmogenic 
nuclide concentration, then the average production rate is given by: 
〈𝑃〉 = ∑ 𝑃𝑖(0)Λ𝑖/𝜌ℎ(1 − 𝑒
−𝜌ℎ/Λ𝑖)       [5.10] 
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where h is the mixing depth and the brackets indicate an average value. Here the subscript i 
represents the three modes of cosmogenic nuclide production given above: spallation, negative 
muon capture and fast muon reactions. The simple profile of nuclide concentration versus depth 
in bedrock overlain by vertically mixed soil (Figure 5.4), based on the case of rock exposure 
given by equation [5.4], (i. e. with a zero rock denudation rate) is then given by equations [5.11] 
for z < h (within the mixing layer the average concentration is independent of depth) and [5.12] 
for z > h: 
〈𝑁〉 = 𝑁𝑖𝑛ℎ𝑒
−𝑡𝜆𝑖 + ∑
𝑃𝑖(0)
Λ𝑖
𝜆𝑖
𝜌ℎ(1−𝑒
−
𝜌ℎ
Λ𝑖 )
(1 − 𝑒−𝑡𝜆𝑖)      [5.11] 
𝑁(𝑧) = 𝑁𝑖𝑛ℎ𝑒
−𝑡𝜆𝑖 + ∑ 𝑃𝑖(0)
1
𝜆𝑖
𝑒−𝜌𝑧/Λ𝑖 (1 − 𝑒−𝑡𝜆𝑖)      [5.12] 
Figure 5.4 shows a schematic representation of the profile determined from equations 
[5.11] and [5.12], compared with profiles for eroding soils. Note that in the depth interval below 
the vertically mixed soil, equation [5.12] is identical to equation [5.4].  
5.2.3.2 Denudation rates of vertically mixed soils 
During erosion of the bedrock surface, the mineral grains with the highest cosmogenic 
nuclide concentrations are removed, leading to equation [5.9]. In contrast, erosion of vertically 
mixed soil or sediment removes mineral grains that sample the entire mixed zone and thus 
contains the average cosmogenic nuclide concentration (Figure 5.3). Granger and Riebe (2014) 
model the concentrations of cosmogenic nuclides in an eroding soil in line with Figure 5.3. The 
mixed layer has a steady thickness; material is lost from the mixed layer at a mass rate Rsoil, 
and material is introduced into the mixed layer from below at the same mass rate Gsoil. This is 
the mass flux-based equivalent to the soil production rate of Heimsath et al. (1997). The 
assumptions made to simplify the analysis and to facilitate an analytical solution are: (a) that 
erosion is fast relative to radioactive decay, and (b) that erosion and weathering occur 
exclusively near the surface so that the soil production rate is equal to the total denudation rate 
(i.e., Gsoil = D). The concentration at the soil/bedrock interface, when ignoring radioactive 
decay, is then given by (Granger and Riebe, 2014): 
𝑁𝑠𝑎𝑝𝑟𝑜𝑙𝑖𝑡𝑒 ≈ ∑ 𝑃𝑖(0)𝑒
−𝜌ℎ/Λ𝑖Λ𝑖/𝐷       [5.13] 
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The average cosmogenic nuclide concentration within the mixed soil can then be determined 
by solving differential equation [5.14], which describes additions and losses of cosmogenic 
nuclides from the mixed layer. 
𝑑〈𝑁〉
𝑑𝑡
= 〈𝑃〉 − 〈𝑁〉𝜆𝑖 −
〈𝑁〉𝐷
𝜌ℎ
+
𝑁𝑠𝑎𝑝𝑟𝑜𝑙𝑖𝑡𝑒𝐷
𝜌ℎ
      [5.14] 
The concentration within the mixed regolith is then given by equation [5.15] obtained by 
substituting equations [5.11] and [5.13] in equation [5.14] and solving for steady-state 
conditions: 
〈𝑁〉 =
∑ 𝑃𝑖(0)Λ𝑖
𝜌ℎ
(𝜆𝑖 +
𝐷
𝜌ℎ
)        [5.15] 
When radioactive decay is ignored then the average concentration is approximated by [5.16]: 
〈𝑁〉 ≈ ∑ 𝑃𝑖 (0)Λ𝑖/𝐷         [5.16] 
Generally, losses due to radioactive decay can be safely ignored because the residence 
time of mineral grains within the mixed zone is significantly less than the radioactive meanlife 
of the cosmogenic nuclide (e.g. for 10Be 𝜏 = 2.01 𝑀𝑎). In cases whereby the denudation rate 
is very much slower, losses due to radioactive decay cannot be ignored. When steady-state 
denudation rates are faster than 102 m/Ma at the rock surface, then the radioactive decay is 
negligible for 10Be and the cosmogenic nuclide concentration at the surface of eroding bedrock 
is given by equation [5.17].  
𝑁(0) = ∑ 𝑃𝑖(0)Λ𝑖/𝐷         [5.17] 
The weak dependence on soil depth for equation [5.15] and the depth independence of 
equation [5.16] has at least two implications: (a) that it is not necessary to determine soil depths 
when estimating denudation rates from vertically mixed soils, and (b) that cosmogenic nuclides 
in soils can yield an accurate erosion rate even if the soil profile has been truncated (Granger 
and Riebe, 2014)). However, determining depth can be very important in cases where soil 
mixing is localised, for example in deep karst depressions, and the residence time is not short 
compared to the radioactive meanlife. Figure 5.4 illustrates that there are detectable differences 
between the cases of (1) no erosion, (2) steady-state erosion, and (3) truncation of a soil profile. 
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Figure 5.5: 26Al/10Be two-nuclide diagram showing a graphical solution to the burial dating equations. This 
diagram shows conditions of steady erosion, constant exposure or burial for a given value of the secondary cosmic 
ray irradiation at surface. Samples from an eroding bedrock surface, as well as rock fragments or soil with a 
finite exposure history, plot within the steady erosion island, while those that have experienced both a period of 
exposure and a period of burial plot below the steady erosion island.  Simple burial ages calculated according to 
equation [5.28] are shown as lines of equal age. Modified from Granger, (2006). 
 
5.2.4 Burial Dating 
Cosmogenic nuclide burial dating of quartz-bearing rock, soil, or sediment has become 
an important method for dating paleoanthropological sites in South Africa, particularly at the 
Cradle of Humankind (Partridge et al., 2003; Gibbon et al., 2009; 2014; Granger et al., 2015). 
Burial dating using 10Be and 26Al in quartz is applicable to the period ~ 0.2-5 Ma (Granger, 
2014). It is based on the difference in the half-lives of the two isotopes because the 26Al/10Be 
ratio decreases from the initial (pre-burial) value with increasing duration of burial (Lal 1991; 
Granger and Muzikar, 2001; Balco and Rovey, 2008; Dunai, 2010). In principle, burial dating 
can be achieved using any pair of cosmogenic nuclides that are produced at a known fixed ratio 
at surface (Balco and Rovey, 2008), provided at least one of them is radioactive. If following 
the surface exposure, the rock or sediment is buried to a depth where the cosmic rays are 
shielded, the production ceases while the inventories of 10Be and 26Al in quartz decays over 
time (Dunai, 2010; Granger, 2014). Granger (2014) offers a detailed chapter on the application 
of cosmogenic nuclide burial dating in archaeology and palaeontology. There are three data 
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treatment methods, summarised below, that are commonly used for burial dating: (1) simple 
burial dating in which the post-burial production is small enough to be ignored, (2) min/max 
burial dating methods in which the maximum post-burial production is estimated from muon 
production profiles, and (3) isochron burial dating in which multiple samples are used to 
explicitly solve for post-burial production as well as for issues arising from vertically mixed 
soil. The evolution of 10Be and 26Al in quartz is governed by: 
𝑁𝑖(𝑡) = 𝑁𝑖(0)𝑒
−𝑡𝜆𝑖 + ∫ 𝑃𝑖,𝑝𝑏(𝑡
′)𝑒−𝑡
′𝜆𝑖𝑑𝑡′      [5.18]  
where the integral represents continued cosmogenic nuclide production after burial at a rate 
Pi,pb, and t′ is time, treated as a dummy variable of integration (Granger, 2014). The integration 
term is important because muogenic production continues at depths where spallogenic 
production has become negligible. Equation [5.18] can be expressed in a simplified notation as 
𝑁𝑖 = 𝑁𝑖,𝑖𝑛ℎ𝑒
−𝑡𝜆𝑖 + 𝑁𝑖,𝑝𝑏        [5.19] 
where the subscript inh denotes inheritance (i.e., the amount of cosmogenic nuclides at the time 
of burial), and the subscript pb denotes post-burial production. The key to burial dating is 
solving equation [5.19] simultaneously for 10Be and 26Al as follows: 
(𝑁26−𝑁26,𝑝𝑏)
(𝑁10−𝑁10,𝑝𝑏)
= 𝑅𝑖𝑛ℎ𝑒
−𝑡𝜆𝑏𝑢𝑟         [5.20] 
where Rinh and 𝜆𝑏𝑢𝑟 are given by equations [5.21] and [5.22], respectively. 
𝑅𝑖𝑛ℎ = (𝑁26,𝑖𝑛ℎ/𝑁10,𝑖𝑛ℎ)        [5.21] 
𝜆𝑏𝑢𝑟 = 𝜆26 − 𝜆10          [5.22] 
Equation [5.20] forms the heart of the burial dating method and the three methodologies 
rely on simplifications or manipulations of this equation (Granger, 2014). It is based on two 
measurements (N10 and N26) but involves at least four unknowns (N10,pb, N26,pb, Rinh, and t). The 
solution of the equation therefore requires simplifying assumptions or end-member cases in 
which variables can be eliminated. 
5.2.4.1. Simple burial dating method 
In the simple burial dating method, the samples are buried deeply enough that post-
burial production by muons can be ignored. Equation [5.20] then simplifies to: 
𝑁26/𝑁10 = 𝑅𝑖𝑛ℎ𝑒
−𝑡𝜆𝑏𝑢𝑟         [5.23] 
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The only requirement to solve equation [5.23] is that the inherited ratio Rinh be known. 
Normally, it is assumed that the sediment is derived from a landscape eroding in steady state. 
In that case, the initial ratio can be calculated using equation [5.24]: 
𝑁26
𝑁10
= (
𝑃26
𝑃10
) ∑ (𝜆10 + 𝜌𝐷/Λ𝑖) /𝑗 (𝜆26 + 𝜌𝐷/Λ𝑖)     [5.24] 
where the subscripts j refers to production rates at sea-level high-latitude and i represents the 
mode of production. The 26Al/10Be two-nuclide diagram (Figure 5.5), which shows the 
26Al/10Be ratio as a function of [10Be], is a graphical solution to the burial dating equations 
(Klein et al., 1986; Lal, 1991; Nishiizumi et al., 1991; Granger, 2006; Granger, 2014). It shows 
conditions of steady erosion, constant exposure or burial for a given value of the secondary 
cosmic ray irradiation at surface (Granger, 2006; Vermeesch, 2007). It has a banana-like 
region, known as the steady-state erosion island, formed by two curves: the constant exposure 
curve and the steady erosion curve (Lal, 1991; Granger, 2006). Samples from an eroding 
bedrock surface, as well as rock fragments or soil with a finite exposure history, plot within the 
steady erosion island, while those that have experienced both a period of exposure and a period 
of burial plot below the steady erosion island (Granger, 2006; Balco and Shuster, 2009). The 
area above the steady erosion island is regarded as the forbidden zone because 10Be and 26Al 
are produced in quartz by spallation reactions at a ratio 26Al:10Be = 6.75:1 (Balco and Rovey, 
2008). When sediment is buried, its 26Al/10Be ratio decreases over time according to equation 
[5.23]. This is expressed on the 26Al/10Be two-nuclide diagram as diagonal lines leading 
downwards from the steady-erosion island towards the lower concentrations. The position of a 
measured 26Al/10Be ratio along one of these decay lines indicates both the burial time and the 
pre-burial exposure time or erosion rate (Granger, 2006). The simple burial equation can be 
simplified into an approximate analytical solution when it is considered that 𝜆26 ≈ 2𝜆10 and 
the Rinh is calculated with equation [5.25]: 
𝑁26/𝑁10 = (𝑃26/𝑃10)/(1 + 𝑁10
∗ )       [5.25] 
where 𝑁10
∗  is the 10Be concentration that has been normalized to the secular equilibrium value 
(Pi𝜆i) given by: 
𝑁10
∗ = 𝑁10/(𝑃10/𝜆10)         [5.26] 
When equation [5.25] is substituted into equation [5.23] the 26Al/10Be ratio is given by: 
𝑁26/𝑁10 = [(𝑃26/𝑃10)/(1 + 𝑁10
∗ 𝑒𝑡𝜆10)]𝑒−𝑡𝜆𝑏𝑢𝑟      [5.27] 
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P. Muzikar recognized that 𝜆10 ≈ 𝜆𝑏𝑢𝑟 (Granger, 2014) leading to an elegant solution of 
equation [5.27] as the quadratic equation [5.28] that can be solved explicitly for the burial age: 
𝑡 ≈
1
?̅?
𝑙𝑛 [−
1
2𝑁10
∗ + √(
1
2𝑁10
∗ )
2
+
2
𝑁26
∗ ]       [5.28] 
where ?̅? is the average of 𝜆10 and 𝜆𝑏𝑢𝑟. Equations [5.23] to [5.28] offer a simple solution to 
dating sediment burial ignoring post-burial production, and equation [5.28] is good to within ~ 
1 % for most burial ages (Granger, 2014). Inherent in this treatment is the assumption that the 
inherited concentrations of 10Be and 26Al (i.e. prior to burial) would plot on or between the 
constant exposure – steady state erosion curves (the steady erosion island). However, this 
condition is not always fulfilled when samples have experienced complex exposure histories 
and this method is not applicable. 
5.2.4.2. Min/Max burial dating method 
The simple burial dating method indicates a minimum burial age for samples with 
significant post-burial production. That is because post-burial production raises the 26Al/10Be 
ratio higher than it would otherwise be, thus shallowly buried samples will always appear 
younger than their true age (Granger, 2014). A maximum burial age can be calculated by 
considering the highest post-burial production rates that the sample could have experienced. In 
many cases where sites are found in eroding landscapes, such as in caves or river terraces, the 
maximum post-burial production can be calculated by assuming that the sample has always 
been buried at its present depth, that is, that the local erosion rate has remained zero ever since 
deposition. The maximum burial age can then be calculated by measuring the sample’s current 
depth and the average density of the overburden. Using equations [5.2] and [5.4], the local 
production rate at depth and the concentration of 26Al and 10Be produced after burial can be 
calculated by equation [5.29] by assuming an initial value for the burial age t′: 
𝑁𝑖,𝑝𝑏 = 𝑃𝑖,𝑝𝑏𝜆𝑖(1 − 𝑒
−𝑡′𝜆)        [5.29] 
The burial age can then be calculated using equation [5.20], keeping in mind that the inherited 
concentrations must also be adjusted for post-burial production by: 
𝑁𝑖,𝑖𝑛ℎ = (𝑁𝑖 − 𝑁𝑖,𝑝𝑏)𝑒
𝑡′𝜆𝑖        [5.30] 
The calculated burial age t is then substituted into equations [5.29] and [5.30] as t′, and the 
equations are iterated until the measured concentration values are obtained. This accuracy of 
this method relies on the assumed Rinh value.  
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5.2.4.3. Isochron burial dating method 
The isochron burial dating method has similar principles to other isochron methods 
widely used in geochronology, particularly in parent - daughter systems such as K–Ar, Rb–Sr, 
and U–Pb (Granger, 2014). It has a great advantage over the other burial dating methods 
because it removes most of the uncertainties involved with post-burial production, by allowing 
for explicit separation of post-burial production in an assemblage of individual clasts or 
samples (Balco and Rovey, 2008; Granger, 2014). In the general sense, the isochron method is 
underpinned on the principle of analysing several samples of the same age, but with variable 
amounts of either a parent nuclide or some unwanted contaminant (Granger, 2014). In burial 
dating, the concentrations of the inherited cosmogenic nuclides are treated as the parent signal 
that decays over time, while the concentrations resulting from post-burial production are treated 
as a contaminant. Samples taken from the same location are expected to have the same 
depositional history, and thus the same post-burial production and burial age even though they 
may have different exposure histories prior to burial (which is in fact required in order to get a 
spread in cosmogenic nuclide concentrations). Plotting the [26Al] versus [10Be] measured from 
these samples will yield a line with a slope that is dependent on the burial age and an intercept 
that depends on the amount of post-burial production (Granger, 2014). This method offers the 
following advantages over the simple and the min/max burial dating methods: 
a) The result does not depend on specific assumptions about the burial history because the 
post-burial component can be accounted for explicitly. Thus, uncertainties in the 
production rate profiles are no longer a concern.  
b) Burial does not need to be at great depths only. Samples buried a few metres can also 
be accurately dated. 
c) There is no need for the density determination in the field nor considerations of density 
changes over time because the post-burial component does not need to be calculated 
independently. 
d) Testing for internal consistency is easy because samples that experienced multiple 
episodes of burial will plot below the isochron, and can be excluded from the fit. 
The derivation of the isochron burial dating method is straightforward when one 
assumes that all the samples have the same post-burial component. Replacing the post-burial 
component in equation [5.20] with a constant denoted C26 and C10 gives: 
(𝑁26−𝐶26)
(𝑁10−𝐶10)
= 𝑅𝑖𝑛ℎ𝑒
−𝑡𝜆𝑏𝑢𝑟         [5.31] 
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Solving for N26 in equation [5.31] yields: 
𝑁26 = 𝑁10𝑅𝑖𝑛ℎ𝑒
−𝑡𝜆𝑏𝑢𝑟 − 𝐶10𝑅𝑖𝑛ℎ𝑒
−𝑡𝜆𝑏𝑢𝑟 + 𝐶26     [5.32] 
To the degree that Rinh would be independent of N10, a plot of N26 versus N10 would yield a 
straight line whose slope is determined only by the burial age. This relationship is not perfectly 
linear because after making the simplifying assumption that 𝜆26 ≈ 2𝜆10 the Rinh is not fully 
independent of N10 since the relationship between the normalized [26Al] and [10Be] is given by: 
 𝑁26
∗ = 2𝑁10
∗ − (𝑁10
∗ )2        [5.33]  
and  
𝑁26
∗ = 2𝑁10
∗ /(1 + 𝑁10
∗ )        [5.34] 
Thus, based on the assumption that the sediment is derived from a source area that is eroding 
steadily, Rinh can be replaced by equation [5.34] in equation [5.32] to give: 
𝑁26 =
(𝑁10−𝐶10)(
𝑃26
𝑃10
)  
(1+𝑁10
∗ 𝑒𝑡𝜆𝑏𝑢𝑟)𝑒−𝑡𝜆𝑏𝑢𝑟
+ 𝐶26       [5.35] 
The assumption that 𝜆26 ≈ 2𝜆10 simplifies equation [5.35] to: 
𝑁26 =
2(𝑁10
∗ −𝐶10
∗ )
(1+𝑁10
∗ 𝑒𝑡𝜆𝑏𝑢𝑟)𝑒−𝑡𝜆𝑏𝑢𝑟
+ 𝐶26
∗        [5.36]  
where  
𝐶𝑖
∗ = 𝐶𝑖𝜆𝑖/𝑃𝑖          [5.37] 
In the case where constant exposure is assumed instead of steady erosion, equation [5.33] can 
be substituted for Rinh in equation [5.32] to give: 
𝑁26 =
(𝑁10
∗ −𝐶10
∗ )
(2−𝑁10
∗ 𝑒𝑡𝜆𝑏𝑢𝑟)𝑒−𝑡𝜆𝑏𝑢𝑟
+ 𝐶26
∗        [5.38] 
In both cases, equations [5.36] and [5.38] yield gentle curves whose slope depends primarily 
on age and whose intercept depends primarily on post-burial production.  
To solve for the isochron age, the relationship between 𝐶26
∗  and 𝐶10
∗  needs to be 
established. To do that, two end member cases can be considered: (a) that the sample has been 
deeply buried for most of its history but has been recently exhumed to a shallower depth, or 
(b) that the sample has been continuously buried at the same depth, and the post-burial 
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production has continued at a slow but steady rate. In the case of (a) the relationship is given 
by: 
𝐶26
∗ = 2𝐶10
∗           [5.39] 
In the case of (b), the post-burial production can be modelled using equation [5.40] to give 
equation [5.41]: 
𝑁26
𝑁10
= (𝑃26/𝜆26)/(𝑃10/𝜆10)(1 − 𝑒
−𝑡𝜆26)/(1 − 𝑒−𝑡𝜆10)    [5.40] 
𝐶26
∗ = 𝐶10
∗ (1 − 𝑒−𝑡𝜆26)/(1 − 𝑒−𝑡𝜆10)       [5.41] 
Practically, solving for an isochron age is done through fitting a complex curve to the data or 
more easily by iteration. The iterative solution follows these steps: 
1. Plot 𝑁26
∗  versus 𝑁10
∗   and regress a line to determine the slope. 
2. Estimate 𝐶26
∗  and 𝐶10
∗  by finding the intersection of the regression with equation [5.39] 
or [5.41]. 
3. Use the slope of the regression to make an initial estimate of the age, using the 
relationship 𝑡 = − ln(𝑠𝑙𝑜𝑝𝑒) /𝜆𝑏𝑢𝑟 
4. Use the age estimate to calculate the factor [1/(1 + 𝑁10
∗ 𝑒𝑡𝜆)] for each sample. Apply 
this as a linearization factor to each measurement of 𝑁10
∗ .  
5. Re-plot 𝑁26
∗  versus the linearized values 𝑁10
∗  and regress a new line. 
6. Repeat steps 2–5 until a solution converges. The slope of the line indicates the burial 
age.    
 
5.3 Sampling and methodology 
5.3.1 Sampling 
Cosmogenic nuclide studies were carried out using surface and cave samples in the 
Rising Star Cave. The surface samples were used to quantify the denudation rates for 
reconstructing the landscape changes at the site. The cave samples were collected to determine 
the burial ages of sediments in the Rising Star cave system. The cave samples have a known 
stratigraphic relationship to the fossil-bearing units, and their ages will contribute to 
understanding the broader sedimentation history of the cave system. 
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Figure 5.6: Photographs showing the ground surface above the Rising Star cave. (A) The Rising Star scarp viewed 
from the ground below it, facing south. (B) The flat ground above the scarp showing bedrock that dips shallowly 
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to the southwest. (C) Soil sampling on the irregular karstic ground above the scarp. (D) Outcrops of dolomite 
bedrock on the scarp with thin chert interlayers/horizons. (E) The ground surface below the scarp viewed facing 
NE. Abundant exposure of dolomite bedrock can be seen because this area is at a distance from the river and not 
covered by the thick alluvial deposits and soil common in the area N of the scarp towards the river. (F) The thin 
chert layers sampled from the bedrock occur at roughly the same level with the dolomite. (G) The soil sampling 
spots on the area below the scarp were shallow and not deeper than 5 cm. Photographs courtesy of Jan Kramers.  
 
Figure 5.7: Photographs showing soil characteristics in the Bolt’s Farm area, ~ 1.5 km S of the Rising Star area. 
(a) A wall on the Bolt’s Farm quarry showing soil infill in shafts and sinkholes (black arrows) in the bedrock 
(height of backpack is 35 cm). (b) Surface excavations at the Bolt’s Farm site revealing the karstic nature of the 
bedrock, which causes the high variability in soil thicknesses. (c and d) Soils in the Bolt’s Farm are dark-coloured 
due to high ferromanganese content and contain abundant chert clasts distributed without any grain-size 
variation. I assumed that these profiles are representative for the Rising Star cave as well. 
 
5.3.1.1 Sampling strategy for surface samples 
In between outcrops of dolomite on the surface of the Rising Star Cave, flat and soil-
covered ground extends across several tens of square meters (Figure 5.6). The underlying 
bedrock surface is irregular due to abundant solution holes, fissures and remnants of partly or 
fully eroded cave systems that reach several meters depth (Figure 5.7 A-B). These abundant 
karst landforms and dissolution features indicate that chemical weathering plays a dominant 
role in the denudation processes of the area. The soil thickness can vary from 0 to 3-4 m over 
short distances, as revealed by a ground magnetic survey (Naidoo, 2016). Similar variations in 
soil thickness have been observed at other sites in the CoH, like the Drimolen excavation site, 
7 km to the NE of Rising Star Cave (Rovinsky et al., 2015; Armstrong et al., 2018).  The soil 
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profiles in the Bolt’s Farm area, ca. 1.5 km S of the Rising Star Cave (Figure 2.7), suggest that 
they are vertically mixed soils. The mixing could result from bioturbation of the soil, e.g., due 
to organisms such as burrowing animals (e.g., earthworms, ants, termites, beetles, rodents) and 
tree roots (Gabet et al., 2003). These soils are characterized by a single layer that is slightly- to 
non-indurated and lacks horizonation. The soils are mostly dark coloured due to a high content 
of ferromanganese oxides and hydroxides, which are residues from dolomite dissolution. 
Further, they contain abundant chert and minor vein quartz clasts, which are uniformly 
distributed and do not show any grain-size variation with depth (Figure 5.7 C-D). These clasts 
are unweathered or partially weathered, and occur in grain-sizes ranging from granules to 
cobbles with a varying degree of ferromanganese coating (Figure 5.7 C-D). There are no clasts 
of dolomite or other lithologies. I assumed that such profiles are representative for the Rising 
Star area as well. 
Surface samples were collected to test the hypothesis that the soils on the karstic 
landscape of the CoH are vertically mixed soils with quartz grains that experience a prolonged 
exposure period relative to bedrock denudation (Figure 5.8). During this long period at or near 
the surface, the rock (chert) fragments that contain the quartz are reduced in size before 
transport processes such as overland flow can move them down a hillslope and into a river. 
Such prolonged near-surface residence of clasts and soil would be reflected by an increase in 
the concentration of cosmogenic nuclides with decreasing grain size. The prolonged near-
surface residence would also lead to cosmogenic nuclide concentrations that are not 
representative of the true denudation rate of the underlying bedrock (Riebe, et al., 2001; Riebe 
and Granger, 2013; Granger and Riebe, 2014).  
 
Figure 5.8: Cartoon illustrating the working hypothesis developed in this study. The hypothesis is that that quartz 
grains in soil of the CoH experience a prolonged exposure period relative to bedrock denudation. Due to 
prolonged near-surface residence, the concentrations of cosmogenic nuclides in quartz- and chert soil will 
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increase when grain-size reduction is taking place in order for sediment transport to be possible. Further, during 
the prolonged near-surtface residence, the sediments may experience complex exposure histories. 
A vertically mixed soil that is in steady-state (or, landscape equilibrium) has an 
average thickness hsoil (in m) that is kept constant by a mass flux relationship: material is lost 
from the mixed layer at a mass rate Dsoil (its denudation rate in m/Ma), and added to at an 
identical rate through bedrock denudation. Therefore, the average residence time (tres) of the 
soil can be estimated from first principles using Eq. 5.42: 
𝑡𝑟𝑒𝑠 =
ℎ𝑠𝑜𝑖𝑙
𝐷𝑠𝑜𝑖𝑙
         [5.42] 
If the bedrock is a carbonate with a denudation rate Drock, and only the insoluble components 
remain in the soil as it is denudated, then Dsoil = Drock × Finsol × rock/soil where Finsol is the 
insoluble fraction of the rock, and  is density. Therefore, substituting for Dsoil yields Eq. 
5.43: 
  𝑡𝑟𝑒𝑠 =
ℎ𝑠𝑜𝑖𝑙×𝜌𝑠𝑜𝑖𝑙
𝐷𝑟𝑜𝑐𝑘×𝐹𝑖𝑛𝑠𝑜𝑙×𝜌𝑟𝑜𝑐𝑘
       [5.43] 
An important consequence is that, all else being equal, the soil residence time is 
inversely proportional to the insoluble fraction of the bedrock. Published estimates for the 
average Drock in the CoH are lower than 5 m/Ma (Dirks et al., 2010; 2016). Based on field 
observations and petrography, average hsoil is ≥ 0.3 m and the average Finsol is ≤ 0.1. Using 
these values in Eq. 5.43 and 1.4 g/cm3 and 2.5 g/cm3 for soil and rock, respectively, it follows 
that the average tres for soil in the CoH is > 0.34 Ma.  
Unlike in vertically stratified soils where the nuclide production is a function of depth, 
the average production rate in soil that is vertically mixed, by e.g. bioturbation, is constant 
throughout the mixed zone (Granger and Riebe, 2014). Denudation of vertically mixed soil 
removes mineral grains that sample the entire mixed zone and, thus, contain the average 
cosmogenic nuclide concentration. Granger and Riebe (2014) model the average production 
rate of a nuclide i in vertically mixed soils using Eq. 5.10 by assuming that a large enough 
sample of grains in a well-mixed soil will accurately reflect the average cosmogenic nuclide 
concentration. If the residence time of a steady-state, vertically mixed soil is very short 
relative to the rates of production and radioactive decay of cosmogenic nuclides within it, 
then the nuclide concentrations in the soil (and in stream sediments derived from it) will yield 
the true bedrock denudation rate (Granger and Riebe, 2014). However, in the case of longer 
soil residence times where both in situ production and decay of these nuclides in the soil are 
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significant, the relation is more complex. For instance, a post-denudation build-up of 
cosmogenic nuclides may lead to underestimation of denudation rates derived from soils and 
sediments. Given the minimum soil residence time derived above, this may apply in the study 
area and the implications are discussed further below. 
 
Figure 5.9: Samples collected and their location on the surface above the Rising Star cave. (a) Map of elevation 
contours (1 m interval, from an unmanned aerial vehicle photograph) of the Rising Star area with the mapped 
passageways of the Rising Star cave system. Soil samples (coarse sand and pebble- to cobble-sized clasts) were 
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collected together with fragments of chert horizons in the dolomite bedrock. (b) Topographic profile (SW-NE) 
across the Rising Star cave with the location of the samples. 
The samples were collected from a 0.1-km2 area to the S and SW of the entrance into 
Rising Star Cave, including the scarp and the flat ground above the cave and below the scarp 
to the N (Figure 5.6, 5.9; Table 5.3). Each bedrock sample was taken over a strike distance of 
~ 5-10 m. Approximately 30 pieces of fist-size fragments of chert were chipped from 
outcropping chert horizons and lumped together for each sample. All chert horizons were not 
protruding from the dolomite surface by more than 5 cm (Figure 2.10; 5.6 D and F). So they 
were not standing above the dolomite surface for a long time. Soil samples were collected from 
spots not deeper than 5 cm (Figure 5.6 C and G). Portions of soil from ~ 20 spots from a surface 
area of ~ 10 m × 10 m were amalgamated to form each sample. The soil samples were 
partitioned into two grain size classes: (a) cobble- and pebble-sized clasts of chert and vein 
quartz (hereinafter referred to as clast samples), and (b) medium- to coarse-sized sand and 
granules (grain size ranging between 0.5 mm and 3.5 mm) (hereinafter referred to as coarse 
sand samples). 
 
Figure 5.10: Locations of the six cave samples within the Dinaledi, Dragon’s back and Postbox Chambers. EMR 
is the only sample collected from inside the Dinaledi Chamber. It was collected ~ 20 m away from the excavation 
pit shown by the black circle. Three samples were collected from the Dragon’s Back Chamber. DB421 and DB422 
were collected from channelized sandy mudstone deposits. DB524 was collected from calcified breccia deposits 
attached to the roof of chamber. Two samples were collected from the chamber before the Postbox Chamber. 
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PB423 was from the top of an eroded debris cone and PB424 is an infill deposit in a chamber that has eroded out 
into the base of the debris deposit that hosts PB423. Reproduced from Hawks et al. (2017). 
 
Table 5.3: Summary of sampling data and some input parameters used for The online 
exposure age calculator (Balco et al., 2008). 2 cm thickness was used for all samples. The 
shielding factor of 1 was used for all samples. 
Sample 
ID 
Type of sample & location  
within Rising Star locality 
Elevation 
(m) 
Latitude 
(DD)a 
Longitude 
(DD)a 
Grain 
sizes 
(cm)b 
Hillslope 
angle (°) 
RSS3 Soil amalgamated from ~ 20 
spots on the ground above 
the  scarp 
1479 -26.021 27.713 
0.05-
0.35 
Soil 
samples 
collected 
ground 
surfaces 
dipping 
by less 
than 5° 
RSS5 Soil amalgamated from ~ 20 
spots on the ground above 
the scarp, ~ 100 m W of 
cave entrance 
1474 -26.02 27.712 
RSS9 Amalgamated soil  from 
ground below the scarp 
towards the Bloubank River 
bed 
1468 -26.02 27.713 
RSS10 1464 -26.019 27.714 
RSS11 1460 -26.018 27.714 
RSS8 Clasts from soil on the scarp 
slope 
1475 -26.02 27.713 
4-10 
RSS1 Clasts from soil on ground 
above the scarp 
1478 -26.02 27.713 3-8 
RSS12A 1479 -26.021 27.713 3-5 
RSS12B 1479 -26.021 27.713 5-12 
RSS2 Bedrock chert from the 
capping chert unit forming 
the crest of the scarp 
1476 -26.021 27.712  6 
RSS4 Chert from thin horizons in 
bedrock ~ 100 m WSW 
above the scarp 
1477 -26.021 27.712 3 
RSS6 Chert from thin horizons in 
bedrock on scarp slope 
1476 -26.02 27.713 17.5 
RSS7 Chert from thin horizons in 
bedrock at the bottom of the 
scarp slope 
1474 -26.02 27.713 11 
a Lat-Long decimal degrees (DD), values referenced to WGS84 datum. 
b Grain sizes before comminution and processing in the lab (after sieving for soil samples). 
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Figure 5.11: Photographs of cave samples taken after they had dried. (A) EMR sample of the laminated red clay-
rich mudstone unit. (B) DB421 sample of the laminated red sandy mudstone unit. (C) DB422 sample from the 
calcified mudstone-sandstone unit. (D) Fe-Mn-oxihydroxide coated mudstone of the DB422 sample. (E) Sediment 
of the muddy conglomerate unit (PB423), which contains abundant coarse-grained clasts of chert and dolomite. 
(F) Sediment of the laminated red mudstone unit (PB424) which contains abundant Fe-Mn-oxihydroxide crusts.
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Table 5.4: Summary of samples collected inside the Rising Star cave. 
Sample name Location within cave Depth 
(m) 
Description 
EMR Owl midden ~ 20 m away from 
excavation pit in Dinaledi 
Chamber 
30 Laminated red clay-rich mudstone 
unit 
DB421 northwest edge of Dragon’s 
Back Chamber 
25 Laminated red sandy mudstone 
unit 
DB422 Above the ‘superman crawl’ in 
Dragon’s Back Chamber 
27 Calcified, laminated mudstone-
sandstone unit 
PB423 Top of debris cone in Postbox 
Chamber 
20 Chaotic conglomerate unit with 
very coarse-grained abundant 
clasts of chert and dolomite, and 
Fe-Mn-oxihydroxide crusts 
PB424 Infill deposit at the base of 
debris cone in Postbox Chamber 
25 Laminated red mudstone unit with 
abundant Fe-Mn-oxihydroxide 
crusts 
DB524 Calcified breccia attached to the 
roof of Dragon’s Back Chamber 
15 Calcified breccia unit with 
abundant chert clasts. 
 
5.3.1.2 Cave samples 
Six cave samples with sufficient quartz were collected from the Dinaledi, Dragon’s 
Back (DB) and Postbox (PB) Chambers of the Rising Star Cave (Figure 5.10, 5.11; Table 5.4).  
EMR was the only sample collected from inside the Dinaledi Chamber, although from a side 
passage and ~ 10 m away from the initial excavation pit where Homo naledi fossils were 
recovered. Sediments in the Dinaledi Chamber are largely clay-rich muddy sediments (Dirks 
et al., 2015), but EMR was sampled from a more sandy mud unit (Figure 5.12 A), which was 
not calcified at all compared to the assumed equivalents in the DB and PB chambers (Figure 
5.12 B-C). This unit is part of Facies 1b and is partly reworked by the hominin-bearing unit 3b 
(Dirks et al., 2015). The sand component in this sample is interpreted to originate from outside 
the cave because of the presence of rodent bone concentrations which were interpreted to 
suggest a different entrance into the chamber (Dirks et al., 2015). DB421 was sampled from a 
consolidated channel deposit of laminated red sandy mudstone (Figure 5.11 B) located on the 
northwest edge of the DB chamber. This unit was assumed to contain a proportion of sediments 
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washed in from outside the cave because it reworks internal cave sediments. DB422 was 
sampled from a calcified, laminated mudstone-sandstone unit (Figure 5.11 C and D) above the 
‘superman crawl’ (see Figure 2.8, 2.9). It was comprised of coarse sandy quartz and, thus, 
interpreted to be predominantly derived directly from surface. DB524 was sampled from a 
calcified breccia unit on the roof of the DB Chamber. This unit underlies a flowstone layer and 
contained abundant sub-rounded clasts, which led to the interpretation that it was a fracture fill 
of sediments from the surface. PB423 was sampled from an eroded debris cone, which is a 
poorly consolidated and chaotic muddy conglomerate with little internal layering. It contains 
abundant pebble- to cobbled-sized clasts of chert and dolomite in a calcified matrix of muddy 
sediment that has abundant Fe-Mn-oxihydroxide crusts (Figure 5.11 E). A boulder-filled chute 
in the Postbox Chamber, which opens to the surface, was assumed to be the entry point of this 
unit. PB424 was sampled from an infill deposit in a chamber that has eroded out into the base 
of the debris deposit that hosts PB423. It is a laminated red mudstone that contains abundant 
Fe-Mn-oxihydroxide crusts (Figure 5.11 F). 
 
5.3.2 Sample preparation and analytical methods 
The mineralogical composition and bulk chemistry of the soil were determined using 
powder x-ray diffraction (XRD) and x-ray fluorescence (XRF, see Appendix A for details of 
the XRF methodology). 
All the surface and cave samples used for 10Be and 26Al measurements were pre-cleaned 
at SPECTRUM using the sample preparation manual compiled by Bodo Bookhagen based on 
the work of Kohl and Nishizumi (1992), von Blanckenburg et al. (2004), Bookhagen and 
Strecker (2012).  The final leaching, dissolution and chemical separation was done at the 
HELGES (Helmholtz Laboratory for the Geochemistry of the Earth Surface, GFZ Potsdam; 
von Blanckenburg et al., 2016). The analysed size fractions in soil were obtained by sieving 
without further crushing (Table 5.3). Bedrock and clast samples were crushed to the same size 
fractions. Concentrated hydrofluoric acid (HF) was used for dissolution, and 0.4 g of a 9Be 
carrier with a concentration of 369.5 ppm was added to each sample. Be was isolated from the 
sample matrix using the Fe and Be column method of Wittmann et al. (2016), which is based 
on the von Blanckenburg et al. (2004) method. The Be(OH)2 obtained by alkaline precipitation 
was subsequently oxidised to BeO and pressed into accelerator mass spectrometer (AMS) 
cathodes. Measurements were done at the University of Cologne - Centre for Accelerator Mass 
Spectrometry (Cologne AMS) relative to standards of Nishiizumi (KN01-6-2 (5.35x10-13 
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10Be/9Be), KN01-5-3 (6.320x10-12 10Be/9Be), Dewald et al., 2013). Two process blanks were 
also prepared with the same 9Be carrier during chemical separation and gave a mean 10Be/9Be 
value of (8.22 ± 1.3) × 10-15. This value was used for blank correction in the calculation of 10Be 
concentrations.  Al was separated using the method described in Wittmann et al. (2016). After 
sample digestion and prior to any column chemistry, a 200 μL aliquot of the sample solution 
was taken for measurement of the stable Al concentration using optical emission spectroscopy 
(OES, Varian). Stable Al concentrations were validated against matrix effects and interferences 
by carrying out external monitoring using reference materials (Wittmann et al., 2016). The two 
process blanks were spiked with 0.4 g of a Merck© Al ICP standard with a concentration of 
1000 ppm to monitor 26Al background levels. 26Al was first measured at the newly established 
NRF iThemba LABS AMS in Johannesburg, and the measurements were repeated at the well-
established University of Cologne AMS to assess the accuracy of the NRF iThemba LABS 
AMS results. Most measurements yielded similar results within 1σ uncertainties (Table 6.2), 
and the average of both was used. The error propagation was done by first calculating the 
average of the two 1σ uncertainties and then divided by √2. The complete analytical data is 
provided in Appendix D.  
 
5.3.3 Computational methods 
Denudation rates and exposure ages were calculated using version 3 of The online 
exposure age calculator (http://hess.ess.washington.edu/math/v3/v3_erosion_in.html). Table 
5.3 gives some of the parameters used for the calculations. Results reported here are for the 
LSDn production rate scaling method implemented from the model of Lifton et al. (2014). 
Unlike in Granger and Riebe (2014), it is assumed that soil residence times are not 
negligibly small compared to the half-lives of the nuclides (Eq. 5.42 and 5.43). To estimate the 
residence times, I followed two approaches: (1) determining the apparent exposure age of 
quartz grains within soil as a proxy for soil residence time, and (2) using the measured 10Be 
and 26Al concentrations to calculate the average tres. For approach 1, I utilized the component 
of the measured 10Be concentrations that, assuming zero soil denudation, would directly record 
the time since formation of the soil. In order to obtain this component, I subtracted the average 
10Be concentrations of the bedrock samples from the 10Be concentrations of the soil samples to 
account for the 10Be concentrations produced prior to soil formation (i.e. during bedrock 
denudation). To correct for the effect of local slope on bedrock denudation rates (e.g., 
Montgomery and Brandon, 2002), I used a simple linear regression from the relationship of 
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surface slope angle versus 10Be concentrations of bedrock. I interpret the remaining 10Be 
concentrations, denoted N10,𝜏, to have accumulated during the near-surface residence of the 
soil samples. However, N10,𝜏 values may only yield lower bounds of “apparent” residence 
times, because (i) vertical mixing of the soil is not taken into account, and (ii) soil cannot be 
regarded a closed system, as it receives material from eroding bedrock and loses it through 
denudation.  
Approach 2 is based on the assumption of a steady-state soil that is an open system, in 
which input is balanced by output not only in terms of mass, but also regarding its cosmogenic 
nuclide content. A steady-state soil as envisaged in Eq.  Eq. 5.42 and 5.43 may be described in 
terms of the mass of quartz in soil, Mq,soil, and mass flux q: 
𝑞,𝑖𝑛 = 𝑞,𝑜𝑢𝑡 =
𝑀𝑞,𝑠𝑜𝑖𝑙
𝑡𝑟𝑒𝑠
≡ 𝑞      [5.44] 
To satisfy the steady-state condition for 10Be and 26Al concentrations in a soil parcel of 
constant mass as in Eq. 5.44, over a given time interval t, the gain of the cosmogenic nuclides 
(by input from rock weathering and by in situ production) must be balanced by their loss (by 
radioactive decay and soil erosion). For each nuclide i the gain Ni,gain is given by: 
𝑁𝑖,𝑔𝑎𝑖𝑛 = 𝑡𝑞𝑁𝑖,𝑟𝑜𝑐𝑘 + 𝑡𝑃𝑖𝑀𝑞,𝑠𝑜𝑖𝑙     [5.45] 
where Ni,rock is the concentration of the nuclide i in quartz in the bedrock (at g-1), and Pi is the 
average production rate (at g-1 a-1) of nuclide i in quartz in the soil. If t is small compared to 
the half-life of the nuclide, and the nuclide concentrations of quartz in the soil lost are equal to 
the average concentrations in soil quartz, then the loss Ni,loss is given by: 
𝑁𝑖,𝑙𝑜𝑠𝑠 = 𝑡𝑞𝑁𝑖,𝑠𝑜𝑖𝑙 + 𝑡𝑀𝑞,𝑠𝑜𝑖𝑙𝑁𝑖,𝑠𝑜𝑖𝑙𝑖     [5.46] 
where i is the decay constant of the respective nuclide (a-1). Ni,gain is independent of the 
nuclide concentration Ni,soil, whereas Ni,loss is a linear function of it. Therefore, in a steady-
state soil as envisaged, Ni,soil will naturally converge to a constant value for which Ni,gain = 
Ni,loss: 
𝑡𝑞𝑁𝑖,𝑟𝑜𝑐𝑘 + 𝑡𝑃𝑖𝑀𝑞,𝑠𝑜𝑖𝑙 = 𝑡𝑞𝑁𝑖,𝑠𝑜𝑖𝑙 + 𝑡𝑀𝑞,𝑠𝑜𝑖𝑙𝑁𝑖,𝑠𝑜𝑖𝑙𝑖  [5.47] 
Thus, t cancels out. Upon substituting Eq. 5.44, Mq,soil also cancels out and we obtain 
Eq. 5.48: 
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𝑁𝑖,𝑟𝑜𝑐𝑘
𝑡𝑟𝑒𝑠
+ 𝑃𝑖 = 𝑁𝑖,𝑠𝑜𝑖𝑙 (𝑖 +
1
𝑡𝑟𝑒𝑠
)      [5.48] 
Rearranging to solve for tres yields: 
𝑡𝑟𝑒𝑠 =  
𝑁𝑖,𝑠𝑜𝑖𝑙−𝑁𝑖,𝑟𝑜𝑐𝑘
𝑃𝑖−𝑖𝑁𝑖,𝑠𝑜𝑖𝑙
         [5.49] 
When N10Be,soil and N26Al,soil have been measured, then formulating Eq. 5.49 for both 
10Be and 26Al yields five unknowns: 𝑡𝑟𝑒𝑠, P10Be and P26Al in the soil, and N10Be,rock and N26Al,rock 
in quartz that enters the soil. The production rates can be further reduced to one unknown (P26Al 
 6.75P10Be). For a given bedrock denudation rate Drock and rock density rock, N10Be,rock and 
N26Al,rock are both functions of the depth, Zrock, at which the quartz is released into the soil, and 
can be calculated following method 2 of Balco (2017). Since there is a single value for tres, then 
combining Eq. 5.49 for both nuclides yields: 
𝑃10𝐵𝑒−10𝐵𝑒𝑁10𝐵𝑒,𝑠𝑜𝑖𝑙
𝑁10𝐵𝑒,𝑠𝑜𝑖𝑙−𝑁10𝐵𝑒,𝑟𝑜𝑐𝑘
=
6.75×𝑃10𝐵𝑒−26𝐴𝑙𝑁26𝐴𝑙,𝑠𝑜𝑖𝑙
𝑁26𝐴𝑙,𝑠𝑜𝑖𝑙−𝑁26𝐴𝑙,𝑟𝑜𝑐𝑘
    [5.50] 
Solving for P10Be and defining 𝐴 ≡ 𝑁10𝐵𝑒,𝑠𝑜𝑖𝑙 − 𝑁10𝐵𝑒,𝑟𝑜𝑐𝑘 and 𝐵 ≡ 𝑁26𝐴𝑙,𝑠𝑜𝑖𝑙 − 𝑁26𝐴𝑙,𝑟𝑜𝑐𝑘 
yields: 
𝑃10𝐵𝑒 =
10𝐵𝑒𝑁10𝐵𝑒,𝑠𝑜𝑖𝑙 𝐴⁄ −26𝐴𝑙𝑁26𝐴𝑙,𝑠𝑜𝑖𝑙 𝐵⁄
1 𝐴−6.75 𝐵⁄⁄
     [5.51] 
P10Be is, therefore, determined as a function of Zrock and Drock (which yield parameters A and B 
via N10Be,rock and N26Al,rock as defined above) using Eq. 5.51. The thickness of vertically mixed 
soil (hsoil) is then calculated by successive approximation of the depth-integrated production 
rate in soil, using Eq. 5.10 (Granger and Riebe, 2014). Finally, Eq. 5.49 yields the residence 
time tres. I used a Monte Carlo procedure (n = 500) to compute uncertainties. The code (in 
Visual Basic) for the numerical model used to calculate the residence time is provided in 
Appendix E. 
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CHAPTER 6: Effects of long surface residence times of soil on 
apparent cosmogenic nuclide denudation rates and burial ages 
 
6.1 Analytical and computational results 
 
6.1.1 Soil chemistry 
Soil at the surface of the Rising Star cave site is blackish to dark-brown due to wad 
coating. The mineralogy of these soils is dominated by chert, quartz, muscovite, and Fe-Mn-
oxihydroxides with minor aragonite/calcite and kaolinite. The Fe-Mn-oxihydroxides are a 
mixture of poorly crystalline Fe- and Mn-bearing oxide, hydroxide and silicate phases, 
commonly bixbyite, birnessite, braunite, manganite and asbolane. Accessory minerals such as 
magnetite, hematite, ilmenite and apatite occur as grain inclusions in chert and calcite/aragonite 
flowstone. The bulk chemical compositions of the soils (Table 6.1) show the following trends: 
when moving from the area above the scarp towards the Bloubankspruit River there is an 
increase in Al2O3, Fe2O3 and loss on ignition (LOI), whereas SiO2 and MnO show a decrease. 
The increase in the former is interpreted to reflect increasing content of clay minerals, Fe-
oxihydroxide and organic matter towards the Bloubankspruit River. The soils above the scarp 
are more quartz rich and contain more sericite/illite, with less kaolinite and organic matter. The 
CaO and MgO contents of all samples are low, ranging between 0.07-0.44 wt.% and 0.16-0.33 
wt.%, respectively, and show no trends relative to the sampled localities. These low 
concentrations indicate that few dolomite and speleothem (calcite/aragonite) fragments are 
preserved within the soils. 
Table 6.1: Bulk chemistry in wt. % for major elements in the soil samples ordered by relative 
elevation.  
 RSS3 RSS5 RSS9 RSS10 RSS11 
SiO2 88.65 83.91 80.52 78.49 77.98 
TiO2 0.24 0.17 0.41 0.51 0.55 
Al2O3 4.28 4.87 4.86 6.99 7.05 
Fe2O3 2.72 4.79 3.48 4.62 4.94 
MnO 1.05 3.03 1.00 1.23 0.62 
MgO 0.24 0.21 0.33 0.23 0.16 
CaO 0.08 0.07 0.44 0.18 0.14 
K2O 0.96 0.73 0.61 0.56 0.48 
P2O5 - - 0.13 0.09 0.1 
LOIa 1.46 2.13 7.79 6.84 7.73 
Sum 99.67 99.91 99.56 99.74 99.74 
a LOI = loss on ignition. 
CHAPTER 6: Complex exposure histories of soil on the surface of the Rising Star cave 
107 
 
6.1.2 Cosmogenic nuclide concentrations 
Table 6.2 gives the measured concentrations of 10Be and 26Al in atoms per gram (at g-
1) together with the apparent denudation rates and the 26Al/10Be ratios. The concentrations 
systematically differ between the bedrock, clast and soil samples. Figure 6.1 shows that the 
concentrations increase with decreasing sample grain size classes. The soil samples yield the 
highest 10Be and 26Al concentrations that range from (2.28 ± 0.08) ×106 to (3.91 ± 0.13) ×106 
at g-1 and (13.13 ± 0.59) ×106 to (19.58 ± 0.74) ×106 at g-1, respectively. Soil samples from the 
area above the scarp (RSS 3 and 5) have uniform concentrations, whereas soil samples (RSS 
9-11) from the area below it show an increase from the bottom of the scarp towards the 
Bloubank River (Figure 5.9; Tables 5.3 and 6.2). Clast samples from the scarp slope and the 
area above the scarp yield concentrations that range from (1.02 ± 0.04) ×106 to (2.43 ± 0.08) 
×106 at g-1 for 10Be and from (7.79 ± 0.38) ×106 to (14.04 ± 0.69) ×106 at g-1 for 26Al. The four 
bedrock samples from chert horizons yield the lowest concentrations with 10Be values ranging 
from (4.57 ± 0.17) ×105 at g-1 to (9.04 ± 0.33) ×105 at g-1 and 26Al values ranging from (5.65 ± 
0.81) ×106 to (10.4 ± 1.23) ×106 at g-1. 
 
 
Figure 6.1: The cosmogenic nuclide concentrations systematically increase with decreasing sample grain size 
class (from bedrock to coarse sand). 
 
 
The N10,𝜏 (i.e. the 10Be concentrations of soil and clast samples obtained after correcting 
for bedrock denudation and slope effects following approach 1 above, Figure 6.2) range 
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between (1.44 - 3.07) ×106 at g-1 for the soil samples and between (0.18 – 1.62) ×106 at g-1 for 
the clast samples (Table 6.2). 
 
Figure 6.2: The effect of slope on bedrock denudation. 10Be concentrations of bedrock samples decrease with 
increasing slope and the apparent denudation rates increase with slope. A linear regression was used to correct 
the slope effect on the 10Be concentrations of bedrock samples. After corrections, the average 10Be concentrations 
were subtracted from the 10Be concentrations of soil samples to obtain N10,𝜏, which were used to calculate the 
exposure ages. 
 
6.1.3 26Al/10Be ratios 
Figure 6.3 illustrates that measured 26Al/10Be ratios systematically decrease with 
decreasing grain size classes. The 26Al/10Be ratios for bedrock samples range from 7.38 ± 0.75 
to 8.29 ± 0.67 and all but one overlap with the constant exposure and constant erosion curves 
within 2σ uncertainties (Table 6.2, Figure 6.3). 26Al/10Be ratios for clast samples range from 
5.72 ± 0.44 to 7.63 ± 0.46, and only one sample does not overlap with either curve within 2σ 
uncertainties (Figure 6.3). However, on average, the ratios for the clast samples are lower than 
the ratios for bedrock samples. The soil samples have 26Al/10Be ratios that range from 4.71 ± 
0.22 to 5.77 ± 0.33, and only one out of five soil samples overlaps with both curves whereas 
two samples overlap with the constant erosion curve within 2σ uncertainties. The ratios of the 
other two soil samples plot significantly below both curves (Figure 6.3). The average ratios of 
the bedrock (7.72 ± 0.68) and clast samples (6.81 ± 0.46) overlap with both curves within 2σ 
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uncertainties, but the average ratio of the soil samples (5.12 ± 0.27) is significantly lower than 
the surface production rate ratio of 6.75 and does not overlap any curve (Figure 6.3).  
The correlation of 26Al/10Be ratios with grain size classes is unlikely to be due to 
systematic errors during processing or meteoric 10Be “missed” in the cleaning process. First, 
because we paid specific attention to this potential issue as described above. Second, any 
residual meteoric 10Be would be most prominent in the bedrock and clast samples, which as 
seen above have low within-quartz 10Be concentrations. Instead, low 26Al/10Be ratios are only 
associated with the soil samples, which have up to 8 times higher 10Be concentrations than the 
bedrock and clast samples. 
 
 
Figure 6.3: 26Al-10Be two-nuclide diagram, which shows conditions of steady erosion, constant exposure and 
complex exposure. Although one bedrock sample and one clast sample plot in the forbidden zone and do not 
overlap with the constant exposure or erosion curves, the average 26Al/10Be ratios of bedrock and clast samples 
do overlap. For the soil samples, two samples and the average 26Al/10Be ratio plot below the two curves, 
suggesting complex exposure histories for the soils. Uncertainty ellipses plotted are 2σ. The black dotted curve 
(Cs) is a constant exposure curve calculated for a closed-system soil (soil = 1.4) that is vertically mixed over a 
thickness hsoil = 180 cm. The black dashed curve (Ss) is calculated using Eq. 3 and 8 (re-arranged) for a steady-
state soil mixed over a thickness hsoil = 180 cm for residence times between 0 and 5 Ma, Drock =   7 m/Ma and Zrock 
= 100 cm. 
 
6.1.4 Apparent denudation rates 
The apparent denudation rates, calculated from the measured concentrations, range 
from ~ 2.17 to ~ 12.8 m/Ma (Table 6.2). Clast and soil samples yield similar apparent 
denudation rates, whereas the values for bedrock samples are 2-3 times higher (Table 6.2; 
Figure 6.4). The average 10Be apparent denudation rate is 9.46 ± 0.68 m/Ma for bedrock 
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samples, 3.59 ± 0.27 m/Ma for clast samples and 3.05 ± 0.25 m/Ma for soil samples. Three soil 
samples (RSS3, RSS5 and RSS11) yield almost identical 10Be apparent denudation rates (Table 
6.2). The average 26Al apparent denudation rates are slightly lower than those of 10Be, but vary 
similarly with the grain size classes: 8.06 ± 1.01 m/Ma for bedrock, 3.25 ± 0.40 m/Ma for clast 
samples and 3.63 ± 0.46 m/Ma for soil samples.  
 
 
Figure 6.4: Comparison of 10Be results from the Rising Star Cave (this study) with published data from other sites 
in the CoH. The apparent denudation rates are plotted against the mean grain sizes of soil and stream sediments 
(left). The bedrock apparent denudation rates are to the right. The apparent denudation rates yielded by coarse 
sand and pebble to cobble-sized clasts in this study range from 1 m/Ma to 7 m/Ma. They are similar to catchment- 
and basin-averaged denudation rates of Dirks et al. (2016), which are < 5 m/Ma, and the apparent denudation 
rate of a surface sample (loose material) from Granger et al. (2015) yielding < 6 m/Ma. Chert within dolomite 
bedrock yield apparent denudation rates that range from 6 m/Ma to 13 m/Ma. Units of chert breccia (Dirks et al., 
2010) and chert dykes (Dirks et al., 2016) yield apparent denudation rates that range from 0.7 m/Ma to 13 m/Ma. 
Published data, recalculated here using LSDn, are plotted in black and values as reported in cited studies are 
plotted to the right in grey scale. 
 
6.1.5 Exposure ages of soil and clasts, and soil residence times 
The apparent exposure ages calculated using N10,𝜏 range from 0.136 to 0.306 Ma for 
the soil samples, whereas for clast samples they range from 0.019 to 0.159 Ma (Table 6.2). 
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Therefore, the average residence times using approach 1 are 0.298 ± 0.022 Ma and 0.155 ± 
0.008 Ma for the soils and clasts, respectively. 
Using approach 2, we calculated the average tres, average P10Be and P26Al, and the average hsoil 
for the soil samples (Table 6.3). The average tres values of soils are 1.09 ± 0.34, 1.08 ± 0.31 
and 1.14 ± 0.33 Ma for Drock = 5, 7 and 12 m/Ma and Zrock = 0, 30 and 200 cm, respectively. 
The results obtained in approach 2 (Table 6.3) suggest that the average tres is not strongly 
dependent on the actual values of Drock and Zrock (Figure 6.5). The large uncertainties for tres 
and hsoil arise from the analytical uncertainties for N10Be,soil and N26Al,soil. 
 
 
Figure 6.5: Effects of Drock and Zrock on approach 2’s tres and hsoil. A and B show that tres is not strongly dependent 
on Drock and Zrock, whereas C and D show that hsoil has up to 30% higher values for very low bedrock denudation 
rates and for soil formation at very shallow levels. Data is also given in Tables D6.1 and D6.2 in Appendix D. 
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Table 6.2: Cosmogenic results for samples collected near Rising Star Cave. 
Sample 
ID 
N10 (×106 at g-1 
± 1σ) 
10Be apparent 
denudation rate 
(m/Ma ± 1σ) 
 N26 (×106 at g-1  
± 1σ) 
26Al apparent 
denudation rate 
(m/Ma ± 1σ) 
26Al/ 10Be 
ratios  ± 1σ 
 N10,𝛕  (×106 
at g-1 ± 1σ) 
10Be Exposure 
age (Ma ± 1σ) 
Soil samples 
RSS3 3.82 ± 0.126 2.52 ± 0.21 19.58 ± 0.74 2.98 ± 0.39 5.12 ± 0.26 2.98 ± 0.096 0.349 ± 0.026 
RSS5 3.88 ± 0.127 2.47 ± 0.21 18.67 ± 0.37 3.16 ± 0.39 4.81 ± 0.18 3.01 ± 0.096 0.355 ± 0.026 
RSS9 2.28 ± 0.077 4.54 ± 0.35 13.13 ± 0.59 4.95 ± 0.60 5.77 ± 0.33 1.44 ± 0.047 0.168 ± 0.012 
RSS10 3.02 ± 0.101 3.28 ± 0.26 15.75 ± 0.88 3.91 ± 0.53 5.21 ± 0.34 2.13 ± 0.069 0.248 ± 0.018 
RSS11 3.91 ± 0.128 2.42 ± 0.21 18.42 ± 0.64 3.17 ± 0.41 4.71 ± 0.22 3.07 ± 0.098 0.369 ± 0.027 
Average 3.38 ± 0.112 3.05 ± 0.25 17.11 ± 0.64 3.63 ± 0.46 5.12 ± 0.27 2.53 ± 0.081 0.298 ± 0.022 
Clast samples 
RSS1 1.02 ± 0.037 5.62 ± 0.41 7.79 ± 0.38 4.74 ± 0.53 7.63 ± 0.46 0.18 ± 0.006 0.022 ± 0.002 
RSS8 2.04 ± 0.068 2.63 ± 0.20 14.04 ± 0.69 2.33 ± 0.29 6.87 ± 0.41 1.62 ± 0.053 0.189 ± 0.013 
RSS12A 2.43 ± 0.080 2.17 ± 0.17 13.92 ± 0.97 2.36 ± 0.33 5.72 ± 0.44 1.56 ± 0.049 0.183 ± 0.013 
RSS12B 1.42 ± 0.049 3.94 ± 0.29 9.98 ± 0.64 3.55 ± 0.45 7.02 ± 0.51 0.55 ± 0.018 0.066 ± 0.004 
Average 1.73 ± 0.059 3.59 ± 0.27 11.43 ± 0.67 3.25 ± 0.40 6.81 ± 0.46 0.98 ± 0.031 0.155 ± 0.008 
Bedrock samples 
RSS2 0.788 ± 0.028 7.36 ± 0.53 5,83 ± 0.46 6.54 ± 0.84 7.40 ± 0.64   
RSS4 0.904 ± 0.033 6.39 ± 0.46 6.66 ± 0.63 5.65 ± 0.81 7.38 ± 0.75   
RSS6 0.457 ± 0.017 12.8 ± 0.92 3.79 ± 0.27 10.4 ± 1.23 8.29 ± 0.67   
RSS7 0.521 ± 0.019 11.3 ± 0.80 4.06 ± 0.30 9.65 ± 1.17 7.80 ± 0.65   
Average 0.67 ± 0.024 9.46 ± 0.68 5.09 ± 0.42 8.06 ± 1.01 7.72 ± 0.68   
Note: See methods section for more information. Complete analytical and cosmogenic data provided as supplementary data (Appendix D). Information of sample locations 
given in Figure 5.9 and Table 5.3. Denudation rates and exposures ages based on the LSDn scaling method and calculated using version 3 of The online exposure age 
calculator (http://hess.ess.washington.edu/math/v3/v3_erosion_in.html). Local spallogenic and total muogenic production rates determined using v2.3 of the CRONUS-Earth 
online exposure age calculator are 8.8 at g-1 a-1 and 0.12 at g-1 a-1, respectively, for 10Be, and 59 at g-1 a-1 and 1.14 at g-1 a-1, respectively, for 26Al.
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6.2 Discussions 
The Chapter 6 discussions are that of Makhubela et al. (under review in Earth Surface 
Processes and Landforms, 2018). I acknowledge the input of all the co-authors. 
 
6.2.1  Bedrock denudation rates and soil-clast-bedrock discrepancies 
An important result from our samples is the discrepancy in 10Be and 26Al concentrations 
between our bedrock, clast and soil samples. The measured concentrations vary in a systematic 
manner among the three classes of samples (Figure 6.1), and hence are most likely not due to 
local geomorphological disequilibria (Heimsath et al., 1999). This variation supports our 
hypothesis that the clasts and soils include a significant additional cosmogenic nuclide 
component due to prolonged near-surface residence that is unrelated to bedrock denudation. 
This is discussed in more detail below. 
Our measured bedrock denudation rates increase linearly with slope angles (Figure 6.2), 
indicating the effect of local slope on the denudation rates of bedrock samples (Montgomery 
and Brandon, 2002). Thus, physical transport effects are seen to play a role in promoting 
denudation, likely because grains are more readily transported by surface runoff on sloping 
surfaces than on flat ones. Topographic relief caused by neotectonic faulting could also be a 
factor that enhances local denudation (Bailey et al., 2011; Reynolds et al., 2011; Dirks and 
Berger, 2013). In principle, enhanced chemical weathering of dolomite relative to chert might 
result in denudation rates calculated from chert samples not being representative for denudation 
rates of the surrounding dolomite. However, since the sampled chert layers occur in their 
original position within the dolomite and did not protrude more than ca. 5 cm from the surface 
of the dolomite, we suggest that the denudation rates obtained from them truly reflect those of 
their dolomite host rocks. Hence, we infer that the concentrations of the two bedrock samples 
(RSS 2 and 4; Figure 5.9) from the area above the scarp provide the closest estimate for the 
local denudation rate on relatively flat ground, with an average rate of ~ 7 m/Ma. This, 
assuming that bedrock denudation was occurring steadily through time.  
High denudation rates similar to those for bedrock samples from the slope above Rising 
Star cave, have previously been measured from silicified chert breccia dykes elsewhere in the 
CoH (Figure 6.4; Table S2; Dirks et al., 2010; 2016). Such high rates (up to 12.9 m/Ma, Table 
S2) were attributed to accelerated river incision near knickpoints and to recent collapse events 
(Dirks et al., 2016). A lower 10Be-derived bedrock denudation rate of 3.6 ± 1.1 m/Ma 
CHAPTER 6: Complex exposure histories of soil on the surface of the Rising Star cave 
114 
 
(recalculated to 3.22 ± 0.22 m/Ma using the LSDn scaling method) was determined for a chert 
conglomerate-capped flat hilltop close to the Malapa site (Dirks et al., 2010). 
 
6.2.2 Surface residence times of clasts and soils  
Referring to the minimum soil residence time estimated from Eq. 2, the lower limit for 
the average residence time of soil should be reduced to 0.17 Ma, at least for the Rising Star 
area. This, because the upper limit of bedrock denudation rates obtained here (12.8 m/Ma) is 
much higher than the previously published values (< 5 m/Ma, Dirks et al., 2010, 2016). The 
average 26Al/10Be ratio (6.81 ± 0.46) of clast samples (with the exception of RSS12A) suggests 
that clasts have mainly remained at surface (Figure 6.3). Further, the clasts may be regarded as 
closed systems. Thus, we think that for clasts, the average 10Be exposure age of ca. 0.15 Ma 
yielded by approach 1 gives a realistic estimate of the time elapsed since they weathered out 
from the bedrock. The 26Al/10Be ratios of the bedrock and clast samples are higher than 6.75, 
but their 2 uncertainty limits (except for two samples) overlap the steady erosion curve 
(Figure 6.3).  
Given the low 26Al/10Be ratios in all soil samples (Table 3 and Figure 6.3), which 
indicate a complex exposure history, approach 1 cannot be used to calculate exposure ages in 
these soils. The karstic landforms (caves and deep sinkholes) in the CoH allow for episodic 
and transient burial of sediments at depths where production by spallation is negligible. In this 
scenario, the sediments would return to the surface due to cave de-roofing or collapse and 
erosion (Dirks and Berger, 2013). However, given the measured bedrock denudation rates, such 
a scenario would involve even longer timescales than our data suggest. Struck et al. (2018 a, 
b) demonstrated that partial shielding below a soil can lead to reduced 26Al/10Be ratios that are 
equivalent to a burial episode. The steady-state concept underlying our approach 2 differs from 
the modelling of Struck et al. (2018 a,b) in that the mixed soil constantly receives material from 
eroding rock, and loses it by denudation. To illustrate this, we compare a constant exposure 
curve calculated for average values in a closed-system, vertically mixed soil with a thickness 
of 180 cm (black dotted curve, Cs) to a curve calculated for a steady-state soil (black dashed 
curve, Ss), also with a mixing depth of 180 cm (Figure 6.3). The Ss curve lies further to the left 
of the surface constant exposure curve than the Cs curve, and has a different shape. The reason 
is that in the steady-state soil, there is constant mixing with newly chert-derived quartz that has 
low N10Be and N26Al values. An important observation is that for an average soil mixing depth 
of 180 cm, this steady-state curve lies close to the centres of all of the soil error ellipses, while 
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the closed-system curve does not (it requires a much greater average soil mixing depth, ca. 3 
m, for a fit).  
The steady-state assumption for soils in the study area cannot be independently tested, 
but it does correspond to a likely scenario in a slowly evolving landscape with authigenic soil 
cover, and the concept has often been applied to younger soils (e.g. Heimsath et al., 1999). 
Even if it may not hold true in the strictest sense, the residence times and average soil depths 
calculated on its basis (Eq. 9 and 11) are the best estimates that can be obtained, and yield two 
fairly robust outcomes. First, the average residence times calculated for the soil samples using 
approach 2 (averaging 1.1 Ma) are much longer than the 10Be exposure ages of approach 1 
would suggest. Second, vertical mixing of the soils occurred over thicknesses between 60 cm 
and 290 cm. While soil residence times do not yield the time when soil first formed, they are 
(in authigenic soils) identical to the average time soil particles have resided in the soil since 
being removed from the eroding bedrock. The soil thickness values obtained are consistent 
with field observations in the Rising Star area, where these are highly variable due to the karstic 
bedrock, and the soils lack any horizonation. Long residence times and deep soil turbation can 
both be understood in the context of soil material being trapped in depressions in the highly 
irregular karst bedrock surface. 
 
6.2.3 Possible bias on catchment-wide denudation rates in the CoH 
Our findings from measuring both 10Be and 26Al in bedrock and soils of the CoH can 
be used to assess potential bias in catchment-wide denudation rates in karst regions. 
Catchment-wide denudation rates obtained from river sediments in the CoH are generally low 
and similar to our soil and clast samples (Dirks et al, 2016; Figure 6.4). They range from 3.00 
± 0.28 to 4.15 ± 0.37 m/Ma (recalculated here using the LSDn scaling method: from 2.10 ± 
0.16 m/Ma to 2.88 ± 0.21 m/Ma; Appendix D), and thus, are very different to the denudation 
rates of the bedrock samples at Rising Star. We think that the disparity between the denudation 
rates of bedrock and river sediment is related to how their cosmogenic nuclide inventories are 
affected by sediment mixing and soil surface residence. Stream sediments are mixtures that can 
include various materials such as, for example, soil with a long near-surface residence time 
(and possibly complex exposure histories), and quartz from chert that was broken down rapidly 
from outcrops (with a single exposure history). The average 10Be concentrations in the quartz 
of CoH-derived stream sediments (Dirks et al., 2016), is slightly lower than that of the quartz 
in soil samples at the Rising Star site. Both are much higher than the concentrations in the 
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Rising Star bedrock samples. Identifying the end members and quantifying mixing processes 
that lead to the observed 10Be concentrations in the stream sediments is extremely complex in 
a karst setting like the CoH. However, any significant admixture of soil quartz similar to that 
existing at the Rising Star Cave with a long near-surface history, must necessarily raise the 
average 10Be concentrations in stream sediment relative to what it would have been if only 
quartz directly derived from an eroding outcrop were present. Therefore, the catchment-
averaged denudation rates derived from 10Be concentrations in such a mixed stream sediment 
will be underestimated (Savi et al., 2014). These types of complications in catchments with 
source areas underlain by different types of bedrock (e.g. silicate and carbonate) clearly point 
to the need to assess the post-denudation and burial-exposure histories of river sediment and 
soil in the catchment. While the effect is difficult to quantify, a first-order estimate could be 
obtained by carrying out paired analyses of cosmogenic nuclides and by measuring the 
chemical erosion factor (CEF, Riebe and Granger, 2013). 
 
6.2.4 Low 26Al/10Be of soil and overestimation of burial ages 
An important consequence of our results concerns the interpretation of burial ages 
based on 26Al/10Be ratios of cave sediments. Our data shows that: (1) 26Al/10Be ratios of soils 
can be significantly lower than 6.75; and (2) the 26Al/10Be ratio of the sampled surface material 
varies as a function of grain size. Thus, in cases where surface 26Al/10Be ratios are calculated 
from the surface production ratio, or derived from analysing coarse clasts while the cave 
sediments are fine grained, burial ages obtained from cave sediment samples of soil-sized 
quartz grains may be significantly overestimated. It is, therefore, important to analyse surface 
material that corresponds most closely to the cave sediment to be dated. In cases where cave 
samples diverge in 10Be and 26Al concentrations and yield a well-defined isochron, a burial age 
can in principle be obtained even if the effective nuclide production rates prior to burial have 
not been independently determined (Balco and Rovey, 2008; Granger, 2014; Granger et al., 
2015). However, variations in soil thickness in the CoH can produce scatter in pre-burial 
26Al/10Be ratios if residence times are long (Figure 6.3). This can add to the complications that 
make it difficult to interpret even a well-defined isochron (Kramers and Dirks, 2017).  
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7.1 Methods used to calculate burial ages 
The sample data do not define an isochron, and thus, the isochron method (section 
5.2.4.3) could be applied. The burial ages were calculated for the individual samples using four 
different approaches. Two approaches (denoted A and C) are based on the simple burial dating 
method (section 5.2.4.1). One approach (denoted B) is based on the min/max methods (section 
5.2.4.2). Approach D is based on the steady-state condition assumed for the vertically mixed 
soils (approach 2 in section 5.3.3). Both the A and B approaches are underpinned on the 
assumption that the sampled material was only buried once after constant exposure or steady 
erosion (Granger, 2014). Thus, when using the two methods the pre-burial inherited 26Al/10Be 
ratio is assumed to be equal to the surface production ratio (known as ~ 6.75).  
Soil from the surface of the Rising Star Cave has complex exposure histories, and an 
average 26Al/10Be ratio of 5.12 ± 0.32 (see section 6.1.3). Based on this knowledge, I assumed 
that the cave sediments within the Rising Star cave may have experienced the same complex 
exposure histories prior to burial.  To account for the complex exposure histories, I explored 
the C and D approaches. For the C approach I calculated the burial ages by explicitly estimating 
the pre-burial 26Al/10Be ratios inherited at the onset of burial. The age equation used to calculate 
the C ages was obtained by rearranging the simple burial equation [5.23] to equation [7.1]: 
𝑡 =
ln (𝑅𝑚/𝑅𝑖𝑛ℎ)
−𝜆𝑏𝑢𝑟
        [7.1]  
where Rm is the measured ratio of concentrations of 10Be and 26Al, N10 and N26, respectively, 
Rinh is the pre-burial inherited ratio and 𝜆𝑏𝑢𝑟 is given by 𝜆𝑏𝑢𝑟 = 𝜆26 − 𝜆10. The uncertainty 
was calculated using equation [7.2]: 
1𝜎(𝑡) = √(
1𝜎 (𝑅𝑚)
𝑅𝑚
)
2
+ (
1𝜎 (𝑅𝑖𝑛ℎ)
𝑅𝑖𝑛ℎ
)
2
+ (
1𝜎 (𝜆𝑏𝑢𝑟)
𝜆𝑏𝑢𝑟
)
2
     [7.2] 
where the uncertainty in the 𝜆𝑏𝑢𝑟 is given by equation [7.3]: 
1𝜎 (𝜆𝑏𝑢𝑟) = √(𝜆26)2 + (𝜆10)2      [7.3] 
Approach C derives the Rinh from the average 26Al/10Be ratios measured from similar 
surface samples. Thus, for the four mudstone samples (BD421, BD422, PB424 and EMR) the 
Rinh was obtained from the average of the 26Al/10Be ratios measured from the sandy soil samples 
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from surface. Since PB423 (muddy conglomerate) and DB524 (calcified breccia) contained 
pebble- and cobble-sized clasts in a muddy-sandy matrix, the average (5.87 ± 0.42) of the 
26Al/10Be ratios measured from the sandy soil and clast samples on surface was used as the 
Rinh.  
Using Approach D, the burial ages of quartz in cave sediments can be obtained using 
two main assumptions: (1) that the soil was vertically mixed and in steady-state (Section 5.3.3) 
prior to getting washed into the cave, and (2) that the depth of vertical mixing was similar to 
that determined for surface soil (section 5.3.3). The concentrations of cosmogenic nuclides 
prior to burial, N10Be,0 and N26Al,0, can be calculated back in time from the concentrations 
measured in quartz of the cave sediments, N10Be,Cave and N26Al,Cave using Eq. 7.4: 
𝑁𝑖,0 = 𝑁𝑖,𝐶𝑎𝑣𝑒𝑒
(𝜆𝑡𝑏𝑢𝑟)          [7.4] 
where  is the decay constant and tbur is the burial age. The insitu production in the cave, which 
is unimportant in the case of the relatively short burial periods and deeper burial (> 15 m) in 
the case of the Rising Star Cave, is here not taken into account.  
Following the assumption of steady state, N10Be,0 and N26Al,0 are identical to N10Be,soil and 
N26Al,soil in Eq. 5.50, which can be rearranged to yield N26Al,soil as a function of the other 
parameters: 
𝑁26𝐴𝑙,𝑠𝑜𝑖𝑙 =
𝑁26𝐴𝑙,𝑟𝑜𝑐𝑘(𝑃10𝐵𝑒−10𝐵𝑒𝑁10𝐵𝑒,𝑠𝑜𝑖𝑙)+𝑃26𝐴𝑙(𝑁10𝐵𝑒,𝑠𝑜𝑖𝑙−𝑁10𝐵𝑒,𝑟𝑜𝑐𝑘)
𝑃10𝐵𝑒+𝑁10𝐵𝑒,𝑠𝑜𝑖𝑙(26𝐴𝑙−10𝐵𝑒)−26𝐴𝑙𝑁10𝐵𝑒,𝑟𝑜𝑐𝑘
 [7.5] 
Eq. 7.4 and 7.5 entail two independent relations between N10Be,0 and N26Al,0, as shown 
by the two curves in Figure 7.1.  The intersection of these curves represents the solution for 
tbur. This is found by successive approximation: First, upper and lower limits tbur(ul) and tbur(ll) 
are set. The intermediate value tbur(m) = [tbur(ul) + tbur(ll)]/2 is then used in equations [7.4], 
which yields N10Be,0 and N26Al,0. The value obtained for N10Be,0 is used as N10Be,soil in equation 
[7.5], yielding N26Al,soil. If N26Al,0 > N26Al,soil, then tbur(m) is set as the new value for tbur(ul), and 
vice versa. After a few iterations, tbur(ul) - tbur(ll) <1 ka and the average of the two is taken as 
the burial age. Since the solution also yields concentrations of 10Be and 26Al in the pre-burial 
soil, its average residence time tres can be determined using Eq. 5.49. As direct error 
propagation in this set of calculations is problematic, it is achieved by a Monte Carlo procedure 
as in Section 5.3.3. 
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Table 7.1: Cosmogenic nuclide concentrations and 26Al/10Be ratios for six cave samples from 
the Rising Star cave. All results are ± 1σ. 
Sample 
ID 
[10Be] (×106) 
atoms/g1 
[26Al] (×106) 
atoms/g1 
26Al/10Be 
ratios  
DB422 3.31 ± 0.11 15.4 ± 0.73 4.66 ± 0.27 
PB424 3.50 ± 0.11 15.7 ± 0.71 4.48 ± 0.25 
EMR 3.41 ± 0.11 15.3 ± 0.64 4.48 ± 0.24 
DB421 3.12 ± 0.10 13.5 ± 0.67 4.35 ± 0.26 
DB524 2.70 ± 0.09 11.9 ± 0.56 4.40 ± 0.25 
PB423 2.96 ± 0.09 12.2 ± 0.57 4.12 ± 0.24 
1 Concentrations of cosmogenic 10Be and 26Al, [10Be] and [26Al] respectively, calculated from AMS 
ratios using the methods of Balco et al. (2008). 
 
 
Figure 7.1: Plot of N10 vs N26 showing the two independent relations between N10Be,0 and N26Al,0, given by Eq. 7.4 
and 7.5. The intersection of the curve for steady-state mixed soil with the decay-back curve represents the solution 
for tbur. 
 
7.2 Results 
7.2.1 Cosmogenic 10Be and 26Al concentrations and ratios 
The measured concentrations of 10Be and 26Al, in atoms per gram (at/g), as well as the 
26Al/10Be ratios in all six cave samples are given in Table 7.1. The 10Be concentrations range 
from (2.70 ± 0.09) ×106 at/g to (3.50 ± 0.11) ×106 at/g; the 26Al concentrations range from 
(11.9 ± 0.56) ×106 at/g to (15.7 ± 0.71) ×106 at/g. The cave sediments analysed yield 
cosmogenic nuclide concentrations identical to those of the surface soil (average 
indistinguishable at 2σ; e.g. surface soil = (3.38 ± 0.22) ×106 at/g and cave sediments = (3.17 
± 0.20) ×106 at/g). 
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There is no systematic variation between the cosmogenic nuclide concentrations and 
the three chambers with regards to increasing distance from the entrance of the cave. A 
variation similar to the surface samples, however, seems to exist between the concentrations of 
the cave samples and their grain sizes. The mudstone samples yield the highest concentrations, 
whereas the clast-bearing samples (PB423 and DB524) yield the lowest concentrations. The 
10Be concentrations of the four mudstone samples range between (3.12 ± 0.10) ×106 at/g and 
(3.50 ± 0.11) ×106 at/g), and PB423 and DB524 have (2.70 ± 0.09) ×106 at/g and (2.96 ± 0.09) 
×106 at/g, respectively. The 26Al/10Be ratios of all the samples are in the narrow range between 
4.12 ± 0.24 and 4.66 ± 0.27 (Figure 7.2; Table 7.1). 
 
Table 7.2: Burial ages of the cave sediments calculated using the four different approaches. All ages 
are ± 1σ. 
Sample 
ID 
Method approach used to determine burial age 
A1 (ka) B2 (ka) C3 (ka) D4 (ka) 
DB422 381 ± 59 380 ± 91 197 ± 20 232 ± 30 
PB424 430 ± 66 428 ± 102 277 ± 27 293 ± 34 
EMR 441 ± 67 439 ± 104 280 ± 27 293 ± 44 
DB421 520 ± 81 518 ± 125 340 ± 34 381 ± 39 
DB524 541 ± 83 536 ± 129 596 ± 63 418 ± 41 
PB423 628 ± 97 624 ± 150 733 ± 78 485 ± 44 
1 Simple burial dating method of Granger (2014). 
2 Min/max dating methods of Granger (2014). 
3 Inherited 26Al/10Be ratios from measurements of surface samples. 
4 Steady-state assumption for vertically mixed soil (section 5.3.3). 
 
7.2.2 Burial ages  
The set of the four (A-D) burial ages for each sample are given in Table 7.2. The A and B ages 
are identical for each sample (Table 7.4; Figure 7.3). This is because the post-burial production 
is negligible at the depths (> 15 m) where the samples were buried, at least for burial ages < 1 
Ma (Gibbon et al., 2014; Granger et al., 2015). Gibbon et al. (2014) placed the upper limit of 
post-burial production in the area at (0.032 ± 0.009) ×106 at/g for 10Be at a depth of 9 m. Also, 
the amounts of post-burial concentrations calculated using equation [5.29] (average of (4.58 ± 
0.74) ×103 at/g for 10Be) are lower than the uncertainties of the measured concentrations 
(average of 1.03×105 at/g; see Appendix D). Approaches C and D yield almost identical burial 
ages for each mudstone sample (DB421, DB422, EMR and PB424), and they are lower than 
the A and B ages for all four samples (Table 7.2; Figure 7.3). For PB423 and DB524, the C 
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burial ages are higher than the A and B burial ages whereas the D ages are lower (Table 7.2; 
Figure 7.3). Approach D burial ages are the best estimate amongst all tested approaches 
because they account for the prolonged surface residence times and complex exposure histories 
experienced by the surface-derived quartz in cave samples. The A and B burial ages are 
overestimated for the cave samples because they do not take into account any complex 
exposure histories, and are therefore maximum ages (Balco and Rovey, 2008; Granger, 2014).   
 
Figure 7.2: 26Al-10Be two-nuclide plot showing that the cave samples have [10Be] and 26Al/10Be ratios similar and 
closely related to those of the soils above the Rising Star cave. All the cave samples yield 26Al/10Be ratios in the 
narrow range from 4.12 ± 0.24 to 4.66 ± 0.27 (1σ). The ellipses are plotted with 2σ uncertainties.  
 
7.3 Discussions 
7.3.1 Reliability of the burial ages 
Burial dating of cave sediments is relatively straightforward if the sediments were 
quickly washed into the cave and buried only once at a depth where muogenic production is 
negligible relative to the inherited cosmogenic nuclide content (Granger and Muzikar, 2001; 
Balco and Rovey, 2008). Otherwise, burial ages can be underestimated due to significant post-
burial production by muons or overestimated due to complex pre-burial exposure histories 
(Balco and Rovey, 2008). It is unlikely that the burial ages of the Rising Star cave (Table 7.4) 
are underestimated because the cave sediments only experienced negligible post-burial 
production. The 10Be conventrations of the cave sediments and those of the soils above the 
surface of the cave are similar (Figure 7.2). This suggests that the cave sediments have 
experienced complex exposure histories similar to those of the surface soils (see Chapter 6). 
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As a result, the inherited 26Al/10Be ratios of the cave sediments at burial were significantly 
lower than the assumed surface production ratio of 6.75 (average for surface soils is 5.12 ± 
0.32). The burial ages obtained using approach D are considered the closest estimation to the 
true burial ages of the Rising Star cave samples because they account for the complex exposure 
histories that the cave samples may have experienced prior to burial. The reliability of the D 
approach burial ages is demonstrated by their agreement with OSL and U/Th ages of related 
sediments and flowstones in the Dinaledi and Dragon’s Back Chambers. There is agreement 
between the burial age of EMR, sampled from sub-unit 1b, and two OSL ages of sub-unit 1b 
(OSL3 = 231 ± 41 ka and OSL4 = 241 ± 37 ka; Dirks et al., 2017), as well as the OSL age of 
the underlying sub-unit 1a (OSL5 = 353 ± 61 ka; Dirks et al., 2017). In the Dragon’s Back 
Chamber, there is also agreement with as yet unpublished OSL ages obtained from Paul Dirks 
(personal communication, 2018). The OSL age of the same unit where DB421 was sampled is 
288 ± 50 ka, which is consistent with the burial age although not equal within the error limits. 
A flowstone layer that covers this unit was dated using the U/Th disequilibrium method and 
yields an age of 151 ka (Paul Dirks personal communication, 2018), also consistent with the 
OSL and burial ages. On the roof of the Dragon’s Back Chamber, above the DB524 muddy 
breccia, there are two flowstone layers separated by a cm thick, fossil-rich horizon. The U/Th 
age of the base of the top layer is 430 ± 25 ka, whereas the base of the bottom layer yield > 450 
ka indicating equilibrium results (Paul Dirks personal communication, 2018).   There are 
currently no comparative ages from material in the Postbox Chamber. 
 
7.3.2 Sediment infill history of the Rising Star cave and the implications for the 
closure of the Dinaledi Chamber 
The burial ages of the six cave samples suggests that there were several episodes of 
surface-derived sediment infill into this part of the Rising Star cave. The sampled units seem 
to represent three such episodes.  PB423 and DB524 probably reflect a related infill episode 
that was characterized by externally-derived red muddy sediments containing abundant pebble- 
to cobble-sized clasts. Based on the six samples analysed, the age of PB423 suggests that the 
sampled debris cone deposit is a remnant of one of the earliest infill episodes. Which confirms 
that the Postbox Chamber was the entry point of externally-derived sediments into the Dragon’s 
Back and Dinaledi Chambers via the boulder-filled chute that opens to surface. The remnants 
of the DB524 muddy breccia on the roof of the Dragon’s Back Chamber suggests that during 
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this episode the red mud containing very coarse-grained clasts must have entirely filled the 
Postbox and Dragon’s Back Chambers.  
 
Figure 7.3: The set of four burial ages for each sample based on the foure different approaches. The labelled 
ages are for the D approach, derived based on the steady-state mixing of soil.  Approach D yield the best age 
estimate for all samples. All ages are ± 1σ. 
 
The units of PB424, DB421 and EMR are probably related as lateral equivalents 
deposited during an episode characterized by laminated red mudstones that lack pebble- to 
cobble-sized clasts. These units may contain reworked sediments from prior infill episodes now 
eroded to deeper levels of the cave system and very fine-grained clayey sediments derived from 
the internal walls of the cave. Following the interpretation by Dirks et al. (2017) that Sub-unit 
1b formed from Sub-unit 1a, the OSL age (OSL5 = 353 ± 61 ka; Dirks et al., 2017) of Sub-unit 
1a is in agreement within error limits of the burial age of DB421 (381 ± 39 ka). However, the 
Dinaledi Chamber was previously deemed to be geologically and geochemically isolated from 
the rest of the Rising Star cave during the deposition of the Homo naledi fossils (Dirks et al., 
2015). All the sediments inside the chamber were interpreted to be derived from the cave walls 
because (a) there are no vertical shafts that penetrate the roof of the Dinaledi Chamber, and (b) 
the Dinaledi Chamber is separated from the Dragon’s Back Chamber by a dolomite block (the 
Dragon’s Back) that was detached from the roof (Dirks et al., 2015; 2016b). However, the 
cosmogenic nuclide inventory (as well as the OSL age) of the unit where EMR was sampled 
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confirms the presence of surface-derived sediments inside the Dinaledi Chamber at a time 
coeval with the deposition (236-350 ka) of Homo naledi fossils. Which raises the question of 
how and when the surface-derived sediment entered the Dinaledi Chamber. 
Was it through the Dragon’s Back Chamber before the fall of the Dragon’s Back block? 
This seems unlikely because only clay-rich mud units (which contain minor sand) are found 
inside the Dinaledi Chamber (Dirks et al., 2015; 2016b; 2017). Inside the Dinaledi Chamber 
there are no mud units with pebble- to cobble-sized clasts, which suggests that there was 
already a barrier between the two chambers during the deposition of DB524 in the Dragon’s 
Back Chamber. The abundant and diverse non-hominin fossils preserved throughout the 
Dragon’s Back Chamber but not found in the Dinaledi Chamber (Dirks et al., 2015), is also in 
accord with the presence of a barrier during the deposition of coeval units in the two chambers. 
Thus, EMR and DB421 cannot be lateral equivalents based on the burial age of DB524 which 
sets the minimum age for the fall of the Dragon’s Back. This means that the younger surface-
derived sediment in the Dinaledi Chamber must have come in via a different entryway. Could 
it have been through the roof? Despite the observation that the capping chert unit that forms 
the roof of the Dinaledi Chamber at ~ 20-25 m depth is unbroken and only contains tight 
fractures not wide enough to allow coarse-grained surface sediment into the chamber (Dirks et 
al., 2015; 2016b; Kruger et al., 2016), it is very likely. The absence of coarse-grained sediment 
and large, contemporary vertebrate fossils other than that of the Homo naledi assemblage in 
the Dinaledi Chamber (Berger et al., 2015; Dirks et al., 2015) is in accord with the lack of wide 
fractures on the roof. The sandy fractions could have been washed in through the narrow 
fractures, which is consistent with the localised distribution of sandy mud units which are 
associated with owl middens (Dirks et al., 2015).DB422 probably represents the last infill 
episode, which was rejuvenated by abundant surface-derived sandy sediments. The burial age 
of this unit is consistent with the observations that the unit occurs as sediment infill in open 
spaces within the red mudstones. 
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CHAPTER 8: Background, principles and analytical 
methodologies of the uranium and thorium decay series and 
uranium-thorium-helium geochronology 
 
8.1 Introduction 
The nature of the uranium (U) and thorium (Th) decay series (Figure 8.1) was critical 
for the discovery of radioactivity and the development of geochronology (Reiners et al., 2018). 
In fact, during the decay of the U and Th “parent” nuclides towards the ultimate stable 
“daughter” lead (Pb) isotopes, these decay systems involve a series of ‘intermediate daughter” 
nuclides that are radioactive, which is fundamental for the development of several 
geochronology techniques. Two of those geochronology techniques employed in this study are 
(a) the U-series disequilibrium dating method and (b) the uranium-thorium-helium dating 
method commonly denoted (U,Th)-He and variously referred to as helium or alpha dating.  
The U-series disequilibrium dating method has a variety of names but is commonly 
dubbed the uranium-thorium (U/Th; 230Th/234U; 238U-234U-230Th) dating method. This is 
because it is based on the alpha + double beta decay of 238-uranium (238U) to 234-uranium 
(234U, half-life 245,620 ± 260 years, Cheng et al., 2013), which further experiences an alpha 
decay to 230-thorium (230Th, half-life 75,584 ± 110 years; Cheng et al., 2013; Figure 8.1 A).  
The (U,Th)-He dating method was first realized by Rutherford (1905) who used the 
technique to deduce the very first radiometric dates (Rutherford, 1905; 1906). This method 
utilises all three decay chains of U and Th depicted on Figure 8.1 because alpha particles are 
produced when 235U, 238U and 232Th decay to lead isotopes (207Pb, 206Pb and 208Pb, 
respectively). Although it was the first geochronology technique to be established, the (U,Th)-
He dating method was abandoned for several decades until it was recently revived for extensive 
applications in thermochronology. The reasons for the (U,Th)-He dating method to become 
unpopular in geochronology are (a) analytical and interpretational challenges, (b) lack of high 
precision and (c) generally, the tendency not to yield the age of the sample (Reiners et al., 
2018). Often, the He/(U + Th + Sm) ratio yields the last time or event when the sample cooled 
down to below the closure temperature (Tc, Dodson, 1973), the temperature at which He is 
retained in a particular mineral (Copeland et al., 2007).   
Since the 1950s, the U/Th disequilibrium method has become a widely applied 
geochronologic technique with routine applications in diverse fields such as 
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palaeoanthropology (e.g. Blackwell et al., 1983), archaeology (e.g. Hellstrom and Pickering, 
2015), groundwater dating (e.g. Osmond and Dabous, 2004), volcanology (e.g. Goldstein et 
al., 1992) and many others. The half-life of 230Th  limits the technique to dating materials and 
events younger than ca. 500 ka, but recent improvements in mass spectrometry analytical 
techniques are stretching the limit to the 600-800 ka range (Andersen et al., 2008; Cheng et al., 
2013). Uncertainty about the initial amount of 230Th present in the sample can further affect 
confidence in the results. Dating Pleistocene volcanic eruptions is challenging for any 
geochronologic technique (Reiners et al., 2018) but the combination of U-series disequilibria 
with (U,Th)-He dating on zircons has been useful for obtaining precise ages (e.g. Schmitt et 
al., 2006). This study explores the combination of U-series disequilibria with the (U,Th)-He 
system to date CaCO3 speleothem materials older than 500 ka, as well as younger samples in 
which the initial content of 230Th is poorly constrained. 
 
Figure 8.1: Schematic radioactive decay chains of (A) 238U, (B) 235U and (C) 232Th. Modified from Bourdon et al. 
(2003). 
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8.2 U-series disequilibrium (U/Th dating) 
8.2.1 Fundamentals of the U/Th disequilibrium dating method 
Secular equilibrium for a closed-system is defined by the rate of decay of each 
intermediate daughter nuclide being equal to that of the parent. For example, when the U/Th 
system is in secular equilibrium the decay rate of 234U is equal to that of 238U and at the same 
time the decay rate of 230Th is equal to that of 234U (Figure 8.2 A). Disequilibrium is the 
deviation from secular equilibrium (Figure 8.2 B and C). For the U/Th system, the radioactive 
decay of 238U is regarded as constant because its half-life is much longer than the timescale 
relevant to study all the nuclides in the chain (Bourdon et al., 2003). When the U/Th system is 
returning to secular equilibrium, the abundances of 234U and 230Th are determined by (a) their 
initial abundances, (b) the decay of their parent over time, and (c) their own decay to the 
immediate daughter nuclides (Reiners et al., 2018). For example, in a U/Th system that initially 
does not have 230Th (but 238U and 234U are in equilibrium), the abundance and half-life of 234U 
will be governed the growth of 230Th over time. Upon production, the 230Th itself will begin to 
decay at a rate governed by its half-life and abundance at any given time. Eventually, the 
abundance of 230Th will increase to a point where the number of radioactive decays of 230Th 
match those of 234U and 238U. Figure 8.2 D illustrates the evolution of such a U/Th system 
attaining secular equilibrium.  
If an event caused disequilibrium in a system, this system’s gradual return to 
equilibrium is the fundamental basis of the U/Th disequilibrium dating method (Bourdon et al., 
2003; Hellstrom and Pickering, 2015). Thus, the amount of time that elapses before a disturbed 
system attains secular equilibrium can be determined, which allows the dating of the event that 
caused the disequilibrium. The two major causes of disequilibrium are chemical fractionation 
between U and Th, and recoil effects (Reiners et al., 2018). In chemical fractionation, nuclides 
are enriched or depleted relative to another due to their chemical behaviour during geologic 
processes such as precipitation from a fluid, partial melting or any process that involves 
chemical reactions (Dickin, 1995; Reiners et al., 2018). For example, the difference in the 
solubility of U and Th can lead to fractionation because U is highly soluble in natural waters 
whereas Th is not, and thus, a mineral formed by precipitation from the waters will normally 
have a U/Th system with initial 230Th/238U ≈ 0; further, 234U is often more readily dissolved out 
of minerals than 238U because 234U is located in lattice defects due to recoil (Hellstrom and 
Pickering, 2015). Recoil effects (see 8.3.1) are related to the decay events themselves because 
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during alpha decay, the alpha particle and the daughter nucleus can be separated from each 
other by dislocation from where the decay of the parent took place (Reiners et al., 2018).  
 
Figure 8.2: Schematic representation of secular equilibrium (A), disequilibrium (B and C) and a system returning 
to secular equilibrium after the relative loss of 230Th (D).  Note that 234U is omitted in A-C for simplicity. See text 
for explanation of D. Modified from Reiners et al. (2018). 
 
The U/Th disequilibrium method can work if three fundamental conditions are met: (a) 
of the three nuclides of interest (238U, 234U, 230Th; Figure 8.1) at least one was not in secular 
equilibrium with the others when the rock was formed, (b) the 238U-234U-230Th system 
ultimately reaches secular (or radioactive) equilibrium, and (c) the attainment of secular 
equilibrium occurs at a known rate (Bourdon et al., 2003; Reiners et al., 2018). The number of 
decay events per unit time is called the ‘activity’, defined by the law of radioactivity using 
equation [8.1] (Bourdon et al., 2003; Reiners et al., 2018): 
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝜆 × 𝑁         [8.1] 
where λ is the decay constant and N is the number of atoms. In secular equilibrium, the activity 
of the U/Th system is given by equation [8.2] (Dickin, 1995): 
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝜆238𝑁238 = 𝜆234𝑁234 = 𝜆230𝑁230     [8.2] 
where the subscripts 238, 234 and 230 represent 238U, 234U and 230Th, respectively. The decay 
constants used in this study are λ238 = (1.55125 ± 0.00083) × 10-10 a-1 (Jaffey et al., 1971), λ234 
CHAPTER 8: Principles and analytical methodologies of U/Th and (U,Th)-He geochronology 
130 
 
= (2.822 ± 0.003) × 10-6 a-1 and λ230 = (9.170 ± 0.014) × 10-6 a-1 (Cheng et al., 2013). The half-
lives (t1/2) are related to the decay constants by t1/2 = ln(2)/λ. The half-life values corresponding 
to the above decay constant values are t1/2(238) = (4.4683± 0.0024) ×109 a t1/2(234) = 245,620 
± 260 a and t1/2(230) = 75,584 ± 110 a, respectively. When a U/Th system is in secular 
equilibrium, the activity ratios of 234U/238U and 230Th/238U are both equal to 1 (Hellstrom and 
Pickering, 2015).  
 
Figure 8.3: Establishment of U/Th disequilibrium during flowstone formation. (A) Flowstone formed without any 
initial 230Th accumulate it over time from the decay of 238U and 234U. (B) If the flowstone did not contain any 234U 
during formation (i.e. 234U/238U = 0), dating is also possible because 234U also accumulates over time from the 
decay of 238U. 
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Figure 8.4: U/Th dating of flowstones based on corrections for large excess 234U (A) or large deficit of 234U (B). 
When flowstones are formed with the initial 230Th/238U > 0 (C), dating is still possible if the initial 230Th/238U can 
be measured or estimated. 
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8.2.2 U/Th dating of speleothems 
Speleothems are mineral deposits formed in caves by precipitation from natural waters 
(Fairchild and Baker, 2012). Different forms and types of speleothems exist based on whether 
the water they formed from was flowing, dripping, seeping or condensing (Hill and Forti, 
1997). Flowstones are the type commonly dated in caves of the CoH because they form 
continuous sheets below and above fossil-bearing sediments needing to be dated, thus, they 
can yield bracketing ages (e.g. Pickering et al., 2007). During the formation of flowstones, 
U/Th disequilibrium is established due to the solubility contrast described above. This leads to 
natural waters having 230Th/238U ratios on the order of 105 lower than at secular equilibrium 
(Reiners et al., 2018). For “clean” flowstones formed form such waters,  which do not contain 
any initial 230Th, dating is possible because all of the 230Th detected was accumulated over time 
from the decay of 238U and 234U (Figure 8.3 A).  
The decay equations of 238U and 234U are given by equations [8.3] and [8.4], 
respectively (Bourdon et al., 2003): 
𝑁238 = 𝑁238,𝑖𝑒
−𝜆238𝑡         [8.3] 
and  
𝑁234 =
𝜆238
𝜆234−𝜆238
𝑁238,𝑖(𝑒
−𝜆238𝑡 − 𝑒−𝜆234𝑡) + 𝑁234,𝑖𝑒
−𝜆234𝑡    [8.4] 
where i represents the initial conditions during flowstone formation. If the flowstone did not 
contain any 234U during formation (i.e. 234U/238U = 0; Figure 8.3 B) then the second term on 
the right of equation [8.4] can be omitted. Dating is also possible in the case that “clean” 
flowstones were formed with either a large excess or large deficit of 234U (Figure 8.4 A and B), 
provided that corrections are made to account for the decay of extra 234U or the increase in 234U. 
Equation [8.4] can be simplified by assuming that (a) exp(-λ238t) is approximately equal to e0 = 
1 because t1/2(238) is longer than the time of interest, and (b) (λ234-λ238) ≈ λ234 because t1/2(238) 
is much shorter than t1/2(238) (Reiners et al., 2018). Substituting the two assumptions into 
equation [8.4] and multiplying both sides by λ234 gives: 
𝜆234𝑁234 = 𝜆238𝑁238,𝑖(1 − 𝑒
−𝜆234𝑡) + 𝜆234𝑁234,𝑖𝑒
−𝜆234𝑡    [8.5] 
which can be expressed in terms of activities (by using parentheses around the λ234N234): 
(𝑁234) = (𝑁234,𝑖)(1 − 𝑒
−𝜆234𝑡) + (𝑁234,𝑖)𝑒
−𝜆234𝑡     [8.6] 
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Assuming that the initial 230Th/238U = 0, the age equation can be derived from equation 
[8.4] (Reiners et al., 2018): 
(
𝑇ℎ230
𝑈238
) − 1 = −𝑒−𝜆230𝑡 + [
𝛿 𝑈𝑚
234
1000
] [
𝜆230
𝜆230−𝜆234
] (1 − 𝑒−(𝜆230−𝜆234)𝑡)   [8.7] 
where δ234Um is the per thousand deviation of the 234U/238U activity ratio measured in the 
sample from the secular equilibrium activity ratio (i.e. 1) given by equation [8.8]: 
𝛿 𝑈𝑚
234 = 1000 [
( 𝑈234 )/( 𝑈238 )𝑠𝑎𝑚𝑝𝑙𝑒
( 𝑈234 )/( 𝑈238 )𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
− 1]      [8.8] 
In the case where the flowstone incorporated some detrital material and therefore the 
initial 230Th/238U > 0 (Figure 8.4 C), dating is still possible if the initial 230Th/238U can be 
measured or estimated (Reiners et al., 2018). There are two approaches that can be used to 
obtain the age in such a scenario. The first approach uses equation [8.9] obtained by modifying 
equation [8.8] and requires knowing the initial 230Th/232Th ratio, which corrects for the 230Th 
initially present as the detrital component.  
[(
𝑇ℎ230
𝑈238
) − (
𝑇ℎ232
𝑈238
) (
𝑇ℎ230
𝑇ℎ232
)
𝑖
(𝑒−𝜆230𝑡)] − 1 =-𝑒−𝜆230𝑡 [
𝛿 𝑈𝑚
234
1000
] [
𝜆230
𝜆230−𝜆234
] (1 − 𝑒−(𝜆230−𝜆234)𝑡)
 [8.9] 
The second approach uses an isochron regression, which does not require the initial 230Th/232Th 
ratio to be known (for instance, authigenic and detrital initial 230Th components could both 
occur), but is only possible if this ratio is uniform (Reiners et al., 2018). It requires physically 
separating and analysing subsamples. The regression can then yield the initial 230Th/232Th ratio 
and the age related 230Th/238U ratio. This approach is not ideal for flowstones because they can 
contain abundant very fine grained particles originating from the cave walls, containing 
adsorbed authigenic 230Th. In such cases the initial 230Th/232Th ratio is not expected to be 
uniform, and it would be very challenging to distinguish between the detrital and authigenic 
230Th components.   
8.3 (U,Th)-He dating system 
8.3.1 Principles of the (U,Th)-He dating method, and rationale for its 
application to speleothems in the CoH 
In the CoH, most of the hominin fossil-bearing cave deposits have ages well beyond 
the limit of applicability of the U/Th dating method (the sediments in Rising Star cave, hosting 
H. naledi fossils, being an exception; see Dirks et al., 2017 and Chapter 7). Here the 238U-206Pb 
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isochron method has been used successfully (Walker et al., 2006; de Ruiter et al., 2009; 
Pickering et al., 2010; 2011a, b; Pickering and Kramers, 2010; Dirks et al., 2010). This method 
requires that samples have U contents around 1 ppm or higher, and low contents of common 
Pb which must have a homogeneous initial isotope composition. The relatively high U and low 
Pb contents tend to be found in aragonite layers within the flowstones, or layers that were 
originally deposited as aragonite (Pickering et al., 2010; Hellstrom and Pickering, 2015). In 
any case, very “clean” (i.e. dust-free) speleothem sample material is required, as detrital matter 
invariably carries some common Pb. Further, the U-Pb separation chemistry must be carried 
out in an ultraclean laboratory to avoid Pb contamination. The calculation of U-Pb further has 
to take initial (234U/238U) and (230Th/238U) disequilibrium into account: a rock with 
(234U/238U)initial >1 produces more 206Pb in a given time interval than a rock that was initially in 
equilibrium, requiring a downward correction of the calculated age, while a low initial 
(230Th/238U) as usually assumed for speleothems, requires an upward correction (Pickering et 
al., 2010).  
In this work the feasibility of the (U,Th)-He system for the dating of speleothem 
material is explored as an alternative to U-Pb geochronology, for three main reasons: (i) the 
decay chains of 238U, 235U and 232Th produce 8, 7 and 6 atoms of 4He respectively, while each 
produce only one atom of the respective Pb isotope, therefore the method might be suitable for 
samples with lower U contents than those required for U-Pb dating,; (ii) 4He constitutes ca. 5 
ppm of Earth’s atmosphere, is not an adsorbing gas and is thus unlikely to be built into 
speleothems as they form; (iii) even ‘dirty’ speleothems might be dateable using (U,Th)-He for 
the same reason. 
The (U,Th)-He dating method is based on the accumulation of the 4He nuclei within 
mineral lattice. At secular equilibrium, the radioactive decay of each atom of 238U, 235U and 
232Th leads to the formation of 8, 7 and 6 alpha (α)-particles, respectively (Figure 8.1). The 
only other alpha producer that need to be included in the technique is 147-samarium (147Sm), 
but is commonly omitted because of only 1 alpha atom is produced for every decay of 1 Sm 
atom and also natural samples rarely contain Sm concentrations higher than U and Th (Reiners 
et al., 2018). The ingrowth of 4He within minerals (omitting that from 147Sm) can be represented 
using equation [8.10]: 
𝑑4𝐻𝑒
𝑑𝑡
= 8𝜆238 𝑈
238 + 7𝜆235 𝑈
235 + 6𝜆232 𝑇ℎ
232      [8.10] 
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where d4He/dt is the change in helium over time, λ is the decay constant (λ238= 1.551×10-10 a-
1, λ235= 9.849 ×10-10 a-1 , λ232= 4.948 ×10-10 a-1), 238U, 235U and 232Th are the present-day 
amounts and the coefficients 8, 7 and 6 are the number of α-particles emitted within each of 
the decay series (Farley, 2002). When assuming that at the start (i.e. time = 0) the mineral did 
not have any 4He, then after integration the ingrowth equation is given by equation [8.11]: 
𝐻𝑒4 = 8 𝑈238 (𝑒𝜆238𝑡 − 1) + 7 𝑈235 (𝑒𝜆235𝑡 − 1) + 6 𝑇ℎ232 (𝑒𝜆232𝑡 − 1)  [8.11] 
where t is the amount of time it took to accumulate the 4He (Reiners et al., 2018). The age is 
determined by iteration calculations with the following assumptions (Cornu et al., 2009):  
a) The mineral was a closed system since formation, without any losses or gains of U, 
Th, He and the intermediate daughter products. This assumption is in many cases 
invalid because of the diffusive behaviour of helium (see below). 
b) There was secular equilibrium between the intermediate decay products upon mineral 
formation or that the deviations from equilibrium are known. This assumption is 
important for young samples, in the same way as for U-Pb dating (e.g. Pickering et 
al., 2010) but is difficult to assess.  
c) The decay constants λ238, λ235, and λ232 are accurately known and have remained 
constant through time. 
d) The sample did not contain any significant initial 4He at the time when the mineral 
became a closed system. As an inert gas with a low atmospheric concentration is of 
5.24 ppm (Reiners et al., 2018), helium is not built into minerals and so this 
assumption is usually valid. 
The correct interpretation of (U,Th)-He data is influenced predominantly by the 
diffusion behaviour of helium in the mineral of interest. Retention of helium in a mineral is 
important to ensure that the mineral remains a closed system since its formation.  The low mass 
and small size of helium atoms causes them to diffuse easily out of most natural materials even 
at relatively low temperatures, which is key to He dating in low temperature thermochronology 
but poses a challenge to its use for dating mineral formation (Reiners et al., 2018). Mineral 
characteristics such as chemical composition, grain size and shape, defect and/or lattice damage 
density affect the conditions for the retention of helium (Farley, 2002). Lattice damage is 
commonly associated with the recoil effects of radioactive decay due to the kinetic energy 
accompanying each decay. In alpha decay the kinetic energy is distributed between the alpha 
particle and the heavy daughter nuclide proportionally to the ratio of their masses (Reiners et 
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al., 2018).  As a result, they move apart and the alpha particle gets displaced away from the 
parent by a relatively long distance whereas the heavy daughter is only recoiled a short distance 
(Figure 8.5). However, it is the large size and highly ionized nature of the heavy daughter that 
causes more damage, displacing ~ 3000 atoms compared with about 100 atoms or so along the 
alpha-particle track (Reiners et al., 2018). Figure 8.6 shows that there are three possibilities for 
the fate of an alpha-particle within a crystal during decay. If the parent nucleus is located at 
distances greater than the alpha-stopping distances away from the edges of the crystal, then the 
emitted alpha-particle is retained within the crystal irrespective of the trajectory. However, if 
the parent nucleus is located near the edges of a crystal, then there is a possibility that the alpha-
particle will be ejected from the crystal. This is the reason that implantation of alpha particles 
into other crystals takes place. Most minerals have mean alpha-stopping distances between 5-
22 μm, which can lead to the net import or export of alpha-particles and thus, bias the ages of 
crystals (Farley, 2002; Reiners et al., 2018). The result of which will be the erroneous 
appearance of discordant (U,Th)-He ages within a rock or material being dated. The majority 
of uncertainties and lack of reproducibility in (U,Th)-He dating stems from the diffusivity 
behaviour of helium and the difficulty with quantifying the 4He contents (Reiners et al., 2018). 
 
Figure 8.5: During alpha decay, the kinetic energy of the reaction displaces the alpha particle and the heavy 
daughter nuclide proportionally to the ratio of their masses. The alpha particle gets displaced away from the 
parent by a relatively long distance whereas the heavy daughter is only recoiled a short distance. Modified from 
Reiners et al. (2018). 
 
8.3.2  (U,Th)-He dating of carbonates 
The potential use (U,Th)-He dating as a technique for direct dating of carbonates was 
realised early (Fanale and Kulp, 1961; Fanale and Schaefer, 1965; Bender, 1973; Bender et al., 
1973). These studies demonstrated that different types of carbonates can retain helium over 
geologic timescales, and that (U,Th)-He results can be reliable and in agreement with other 
isotopic ages and geologic data. Further, they observed that the (U,Th)-He method had the 
advantage of dating of carbonates that dated back into the Middle Pleistocene, a key advantage 
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over the U/Th disequilibrium method. After almost four decades without any reported studies, 
applications of the (U,Th)-He method to study carbonates have recently been revived with the 
emergence of alpha thermochronology. Several studies have reported experimental and model 
results of the diffusivity of He in calcite and other carbonates (Copeland et al., 2007; Cros et 
al., 2014; Cherniak et al., 2015). Based on the experiments of Copeland et al. (2007), the 
diffusion of He in carbonates is similar to that of apatite with the Tc for calcite in the range of 
60-80 °C. Model results suggest that He is not retained in calcite at surface temperatures but 
retention is a possibility for aragonite (Cherniak et al., 2015). He diffusion in calcite has been 
found to be anisotropic and controlled by multiple diffusion domains (Cros et al., 2014, 
Cherniak et al., 2015). The multiple diffusion domains are deemed responsible for the 
dispersion in ages whereas the preservation of precipitation ages is linked to a single diffusion 
domain (Cros et al., 2014). Copeland et al., 2007 suggests that the concentration of U and Th 
play a significant role in the success of (U,Th)-He dating of calcite. Flowstones formed in caves 
of the CoH have U content up to ~ 1 ppm (Pickering et al., 2010; Pickering et al., 2011a), which 
is higher than the suggested minimum of 0.3 ppm (Copeland et al., 2007). The conditions 
required for successful (U,Th)-He dating of flowstones in the CoH appear ideal because He 
retention is also not a concern given that the mean annual ambient temperature of the CoH 
caves is around 17 °C.  
 
Figure 8.6: The fate of the alpha particle and the heavy daughter nuclide has three possibilities during decay: 
retention, implantation or ejection. See text for explanation. After Farley (2002). 
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Figure 8.7: Photographs of selected flowstone samples from the Dinaledi Chamber used in this study. JR03 (A) 
and ER2G (B) are predominantly composed of fine equigranular grains of calcite. (C) ER2J is a laminated basal 
flowstone that incorporates mud clasts. The flowstones of HW5 (D) and HW7 are predominantly made up of 
calcite needles grown over granular calcite. The erosional remnant flowstone where ER6 (E) and ER3 were 
sampled is made up of alternating layers of calcite and aragonite needles. The surface of the flowstone has sugary 
texture. 
 
8.4 Sampling 
The samples of CaCO3 flowstones used in the (U,Th)/Th experiments originated from the 
Swartkrans, Sterkfontein and Rising Star caves. They all constituted subsamples of samples 
that had previously been dated using the uranium-lead (U-Pb) and U-Th dating methods. Hence 
they were selected to help verify the (U,Th)-He results obtained from the development 
experiments. SWK5 is the only sample used from Swartkrans Cave. It was sampled from the 
uppermost layer of flowstone that overlies sediment on the Hanging Remnant (a deposit 
exposed at surface) and was dated to 1800 ± 5 ka by U-Pb (Pickering et al., 2011a). From the 
Sterkfontein Cave, four samples were used. M2 is from a well calcified sediment cone in the 
Milner Hall and was dated to 142-148 ka by U/Th (Pickering et al., 2010). BH1-15, BH1-8 and 
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BH4-9 were all taken from flowstone horizons in drill cores of the Sterkfontein Cave described 
in Pickering and Kramers (2010). BH1-15 and 1-8 are from borehole 1 and BH4-9 is from 
borehole 4, and the sampled flowstones were dated to 2800 ± 280 ka, 2830 ± 344 ka and 2650 
± 300 ka, respectively, by U-Pb (Pickering and Kramers, 2010). Samples from the Rising Star 
Cave all originate from the Dinaledi Chamber and have been dated using U/Th (one also by 
palaeomagnetism) by Dirks et al. (2017). Their locations within the Dinaledi Chamber are 
given in Table 8.1. Figure 8.7 shows selected photographs of the samples used. The Swartkrans 
and Sterkfontein samples used in this study are the exact samples dated by the cited literature 
whereas the Rising Star flowstones are duplicates sampled from the same units dated. Attempts 
were made to sample the same U-rich layers dated with U-Pb for the Swartkrans and 
Sterkfontein samples (Figure 8.8), but other parts of the samples were also explored. 
Table 8.1: Flowstone samples from the Dinaledi Chamber, Rising Star Cave.  
Sample 
ID 
Sample location in the Dinaledi Chamber Dirks et al. (2017) 
Sample ID (age) 
JR03 Both samples from the same flowstone 1a layer 
overlying unit 2. Samples were collected from the 
wall on the entry shaft into the Dinaledi Chamber. 
Palaeomagnetic results of JR03 show that it has a 
normal chron and a reverse chron dating to ~ 780 
ka. 
RS23 (502 +181/-53 
ka) 
ER2G RS22 (478 +107/-41 
ka) 
ER2A Sampled along the side-wall of the main floor 
drain between the excavation pit and entry shaft. It 
is part of group 2 flowstones forming an 
irregularly shaped, cascade-like crust. 
RS14 (95-100 ka) 
ER2J Sampled from a thin cascade-like drape that 
overlies sub-unit 1a, ~ 2 mW of the excavation pit. 
RS20 (30.2-32.5 ka) 
HW5 Sampled from group 2 flowstones formed along 
the lip of a drip pool directly overlying Unit 3 
sediments, ~ 1.2 m S of excavation pit. 
RS19 (24.5-24.1 ka) 
HW7 Sampled from a cascade-like crust of group 2 
flowstones formed within the main floor drain 
between the excavation pit and entry shaft. 
RS17 (98-102 ka) 
ER3 Both sampled from a lip of an erosional remnant 
of flowstone 1c on the wall of the entry shaft into 
the Dinaledi Chamber. ER6 is the outer edge of 
the lip and ER3 is from the interior but not the 
core. 
RS13 (88.46 ka) core 
of RS13 dated as 
RS18 (242 ka) 
ER6 
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Figure 8.8: Selected photographs of flowstones from the Swartkrans and Sterkfontein caves. Samples (A) SWK5, 
(C) BH4-9 and M2 (D) were used extensively for the (U-Th)/He experients. The U-rich layers previously dated 
using U-Pb, indicated by white arrows on the beta scans (B and E) were used together with U-poor layers. Beta 
scans are from Pickering et al. (2011a) and Pickering and Kramers (2010). 
 
8.5 Description of analytical method development 
All the analytical aspects for the development of the (U,Th)-He dating method for direct 
dating of CaCO3 speleothems were carried out at the SPECTRUM Analytical Facility of the 
University of Johannesburg. Analyses of He and U/Th were carried out from the same sample 
aliquots, and He extraction always preceded measurements of U and Th. He was extracted and 
purified in an ultra-high vacuum (UHV) extraction line and measurements were done using the 
MAP 215-50 Noble-Gas mass spectrometer, using a calibrated 3He spike. U/Th measurements 
were carried out using either the Perkin Elmer NexION® 300 inductively coupled plasma 
quadrupole mass spectrometer (ICP-QMS, measuring concentrations only and without 
chemical separation) or the Nu Plasma II® multicollector ICP-MS (MC-ICP-MS, measuring 
concentrations and disequilibria after column chemistry). 
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Figure 8.9: Selected photographs taken during (U,Th)-He method development. (A) Sample holder used for laser 
extraction of He. (B) Powder of flowstone material loaded onto individual stainless steel bolt holders, and (C-D) 
coated with carbon. (E) Sample material scattered out of the individual pit after explosive conversion of CaCO3 
to CaO. (F-G) Removal of carbon coating during heating of sample with laser. (H-I) Sample wrapped in Cu foil 
before loading onto the individual pits and coated with carbon (I). (J-K) Electrodeposition of Cu from the sample 
after complete dissolution of sample and Cu foil.  
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8.5.1 Extraction of 4He 
The extraction of 4He from calcite and aragonite flowstones was a major component of 
the method development. Efficient extraction of He from carbonates requires conversion from 
CaCO3 to CaO + CO2, which is achieved at ca. 850 °C. A liquid nitrogen cold trap was used to 
collect the large amounts of CO2 produced. Getters, routinely used in 40Ar/39Ar dating, were 
isolated from the system as their glass casings are permeable for He, and the high CO2 pressure 
prevailing even with the cold trap (around 10-6 mbar) would rapidly render them inactive. Two 
methods were explored for heating samples for the extraction. Initial work involved using a 
laser for the heating and degassing of samples, and this showed that the method held promise 
in principle. However, following problems encountered and unsatisfactory results, the laser 
heating method was abandoned because the task of addressing the challenges proved 
inefficient. The second method involved using a miniature furnace, built in-house, to improve 
the efficiency of heating the samples, and to enable larger samples to be analyzed. The 
procedure of each method is briefly described below and the detailed laboratory procedure and 
notes for the extraction are given in Appendix F3. The results of these extraction methods are 
described in Chapter 9 together with the age results based on each method. 
8.5.1.1 He extraction by laser heating 
During the initial stages of method development only laser heating was available as a 
technique that was routinely used for stepwise-heating extraction for 40Ar/39Ar dating. The first 
attempt (Attempt 1) was to extract helium from samples of CaCO3 flowstone material by using 
the laser to heat them. To do this, ~ 3-5 mg powders of flowstone were loaded onto a sample 
holder with individual stainless steel pits (3 mm Allen screw heads) for each sample (Figure 
8.9 A). The pits measured 3 mm x 3 mm for diameter and depth. After loading, the sample 
tablet was carbon coated (Figure 8.9 B), and then placed inside a port fitted with a sapphire 
window (impermeable to helium) and connected to a UHV extraction line. The carbon coating 
was to enable laser coupling and heating because a continuous 1064 nm Nd-YAG laser was 
used and it coupled badly with CaCO3. The heating was carried out step-wise using a 
defocussed laser beam, starting at 9.5 A (corresponding to ~ 600 °C) and ending when all He 
was extracted (usually at 12.5 A corresponding to ~ 1300 °C). Every heating step lasted for 5 
minutes heating. This heating method was discontinued after the first attempts because the 
challenges encountered impeded the reliable quantification of U and Th contents. Loss of 
sample material and related cross contamination between samples was the major problem, 
which had several causes. For example, during venting of the line to achieve UHV powdered 
sample material was blown out of individual sample pits (Figure 8.9). To address this, samples 
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were loaded as grains, but during the sometimes violent conversion of CaCO3 to CaO, sample 
material was scattered out of the pits. Another challenge was that during heating, the carbon 
coating was removed (Figure 8.9) with each step and the heating efficiency was reduced due 
to lack of laser coupling. Usually after step 3 all the carbon was removed but not all the He was 
extracted out of the samples.  
To overcome the problem of losing sample and contamination, a different approach of 
loading the samples was explored, in which samples were wrapped in copper (Cu) foil, similar 
to the procedure using platinum or palladium foil in apatite (U,Th)-He thermochronology. The 
Cu foil was sourced from spent Li-ion batteries of mobile phones. Blank measurements 
indicated that the foil contained negligible U and Th content. In a first batch (Attempt 2), the 
samples were wrapped as powders using Cu foil that was not etched in acid. To make the Cu 
foil less reflective, the sample tablet was carbon coated (Figure 8.9). For the second batch 
(Attempt 3), grains were analyzed, and the foil used to wrap them was slightly etched in 0.5N 
HNO3.  This was done to reduce the amount of Cu and to render the foil surface less reflective, 
thus eliminating the need for carbon coating. To degas the samples, the heating was carried out 
over two steps with longer times between 30 minutes and 1 hour. For the first step, the heating 
power was started from 9.5 A and gradually increased with increments of 0.5 A. The last 10 
minutes were between 14.5 A and 15.5 A. For the second step the heating was increased rapidly 
during the first 10 minutes and increased gradually between 13 A and 15.5 A thereafter. 
Glowing was observed for most samples but it only started from 13 A onwards. The glowing 
was delayed because there was transfer of heat from the Cu foil to the steel sample holder, 
requiring heating at higher laser power and for longer durations. Although the method of 
wrapping samples in Cu foil eliminated the problem of losing sample material during 
extraction, it introduced other challenges for recovering the sample for U and Th analyses (see 
8.5.3 below). Also, the laser heating method using Cu foil was not efficient because it required 
a very long time and energy to heat small amounts of sample, sometimes resulting in 
incomplete He extraction after three steps. 
8.5.1.2 He extraction by heating in furnace 
To improve the efficiency of He extraction and to increase the amount of sample 
material that could be analysed, a method using a miniature furnace was explored. Up to  eight 
samples, wrapped in Cu foil to form ca. 6 mm clumps, were sequentially dropped and heated 
in an 8 mm internal diameter vertical silica glass tube inside the heating coil, after which the 
furnace was opened, the tube extracted and the samples removed in reverse order for U, Th 
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analysis. The furnace (designed and built by Jan Kramers) is described in Appendix F1. Using 
the furnace, the sample sizes used could be increased to tens of milligrams. On average ~ 40 
mg of sample was used in the form of cubes with sizes less than 5 x 5 mm. The samples could 
be unwrapped relatively easily after removal from the furnace, thus eliminating the need to 
dissolve the Cu foil or the challenge of not recovering all the sample material (see 8.5.3 below). 
The furnace heating was carried out for 1-1.5 hours at about 900 °C for all samples and a second 
step was not necessary. However, a reheating step was carried out for samples that were bigger 
than average to confirm the complete extraction of He prior to heating the next sample.  
 
8.5.2 Purification and measurement of 4He 
Prior to heating, a calibrated aliquot of 3He spike was introduced into the UHV 
extraction line via a Dörflinger pipette connected to a 2.5 L reservoir. During heating, the laser 
port or furnace was connected to the UHV line and liquid N2 cold trap. This contains no 
activated charcoal, as the amount of CO2 gas to be trapped is so large that this would be clogged 
up as the CO2 freezes. While removing H2O and keeping the CO2 pressure down to ca. 10-6 
mbar, a liquid N2 cold trap cannot effectively remove other gases such as N2, Ar and CH4 which 
interfere with the ionization of He and cause fractionation during measurement. This was not 
too serious in the case of laser heating, but became a problem with the much larger samples 
heated in the furnace. A provisional, reasonably successful solution has been to have a 1 m 
long flexible stainless steel tubing as the connection between the extraction line and the mass 
spectrometer. This tube is coiled up, immersed in liquid N2 and has valves at each end, Vline 
and VMS at the line and mass spectrometer side, respectively. The procedure of letting the gas 
into the mass spectrometer was to start with VMS open, then open Vline and close VMS after 4 
seconds. Helium enters the mass spectrometer instantly, while the flow of the other gases is 
retarded by transient sorption on the cold tube wall. After this procedure which is akin to gas 
chromatography, a set of two (steel-encased) SAES APG10 getters incorporated in the mass 
spectrometer gradually remove the active gases, enabling measurement of the 4He/3He ratio 
from a stable emission. However, this inlet procedure is not the optimal solution: installing a 
cryogenic cold head is in the pipeline for the future. 
The mass spectrometer used is a MAP 215-50 single-collector instrument equipped 
with a Johnston electron multiplier detector, which was operated in analogue mode for this 
work. The intensities of the 3He and 4He signals were measured in 5 cycles. A blank 
measurement was carried out at the beginning of analyses and after each sample. Isotope 
CHAPTER 8: Principles and analytical methodologies of U/Th and (U,Th)-He geochronology 
145 
 
fractionation of helium is unconstrained, but spike calibrations (using commercial He) were 
carried out under the same conditions and with the same ion source settings as sample 
measurements. As long as the sample gas was clean, it can be assumed that He isotope 
fractionation in sample measurements would be cancelled out by that in spike calibration. 
 
8.5.3 Measurement of U and Th 
After degassing, the samples were transferred into 7 mL Savillex® vials and a spike 
solution was added gravimetrically before dissolution in acid. For the three laser-heated 
attempts, a 235U spike was used, while for the furnace-heated batch, it was a 229Th + 236U double 
spike as used for U/Th dating. Attempt 1 was dissolved in 1 mL concentrated HCl at 120 °C. 
Attempt 2 was dissolved by treatment with 0.5 N HNO3 and letting the samples stand for 10 
minutes at room temperature. This batch was not heated to avoid dissolving the Cu foil which, 
after 10 minutes, was removed from the samples by squeezing with tweezers and rinsing with 
Milli-Q H2O. Attempt 3 was treated with 0.5 N HNO3 and heated until all Cu foil was 
dissolved. The Cu was extracted from solution by electrodeposition (Figure 8.9). U and Th 
measurements in these three attempts were carried out without further chemical separation 
using a Perkin-Elmer Nexion® 300 series inductively coupled plasma-quadrupole mass 
spectrometer (ICP-QMS). The relative amounts of 238U, 235U and 232Th were then measured. It 
was found that if no chemical separation was carried out, 232Th amounts could be measured 
accurately and reproducibly on this instrument using a 235U spike. 
The batch whereby He extraction was done using the furnace was processed differently for 
analyses of U and Th. Due to the large sample sizes utilized for He extraction, U and Th isotopic 
compositions and contents could now be carried out using the Nu Plasma II® multicollector 
ICP-MS (MC-ICP-MS). Prior to measurements, U and Th had to be separated from the sample 
matrix. This was done by ion exchange, using Dowex 2x8 anionic exchange resin, in pyrex 
glass columns of 3 mm internal diameter and with a resin column height of 90 mm. After 
adding the spike and dissolution by dropwise addition of 6M HCl with the sample initially 
immersed in Milli-Q water and removal of the Cu foil, the sample was taken to dryness and 
converted to the nitrate form. Columns were pre-conditioned with 1 mL of a mixture of 5N 
HNO3 (20%) and ethanol (80%) (the mixture of ethanol and nitric leads to a c. 5 times better 
retention of U than 5M nitric acid on its own). Samples were taken up in 2 mL of this HNO3-
ethanol mixture and loaded onto the columns. Th and U are retained on the column, while Ca, 
Mg, Fe, Mn, Cu etc. flow through. Columns were washed through with 1 mL of the HNO3-
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ethanol mixture, followed by 2 mL. Th and U were then eluted with 3 ml of HCl 2N into the 
original sample beaker after rinsing it, and taken to dryness. To remove organic residue from 
the column, the dried sample was treated with basic piranha solution: 60 µL of concentrated 
Ammonia solution and 20 µL of concentrated hydrogen peroxide were added, and the sample 
was taken to dryness again. This separation method was not optimal. The flow of the HNO3-
ethanol mixture is extremely slow and the procedure usually takes so long that washing through 
is done overnight. Then ethanol vapour bubbles can develop in the resin. Further, the procedure 
does not enable the separation of U from Th, so that they have to be analysed together. In future 
work, a procedure using EiChrom UTeva® resin will be utilized.  
Isotope analysis was carried out from a 0.5 M HCl solution using an ESR Apex-Q® 
desolvating nebulizer. HCl was used rather than HNO3 because wash-out of Th was more 
efficient using HCl. A two-cycle dynamic multi-collector protocol was employed in which 238U 
and 232Th were measured on Faraday collectors, while 236U, 235U, 234U, 230Th and 229Th were 
measured in ion counting electron multipliers (IC-EM’s). The cross-calibration of the IC-EM’s 
was done within-run. In future, with separation using UTeva® resin, U and Th will be measured 
in separate, static multi-collector runs which will improve accuracy and precision. 
8.5.4 Calculation of ages 
The (U,Th)-He dates for the first three attempts were calculated using Microsoft Excel 
spreadsheets, in which (234U/238U) and (230Th/238U) equilibrium was assumed as the minor 
isotopes could not be measured. To calculate the ages for the fourth batch, a data reduction 
program written in Visual Basic® 6, SP4 (developed by Jan Kramers) was used. This program 
reads data files containing sample mass, amounts of 4He, 238U and 232Th as well as (234U/238U) 
and (230Th/238U) activity ratios, all with 1 uncertainties, and provides three calculation 
options:  
(1) The measured (234U/238U) activity ratio is used in the calculation but the (230Th/238U) 
is ignored. A value for the assumed initial (230Th/238U) can be entered. This approach is suitable 
for samples younger than about 3 Ma, in which a residual (234U/238U) might still be resolvably 
different from unity. 
(2) The measured (234U/238U) and (230Th/238U) are both ignored. For the initial 
(234U/238U) activity ratio a random value within a given range is used. For the CoH this is set 
at 1 to 6. For the initial (230Th/238U) an assumed value can be entered as in option 1. This 
approach must be used for samples older than about 3 Ma, where residual (234U/238U) values 
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cannot be resolved from unity, or for samples for which very low U contents prohibit 
measurement of (234U/238U) or (230Th/238U) with any reasonable confidence. 
(3) The measured (234U/238U) and (230Th/238U) are both used in the calculation. This 
approach is the best in samples younger than about 1 Ma and can yield good age determinations 
as well as initial (234U/238U) and (230Th/238U) in cases where the latter are significantly above 
zero. 
The program uses numerical integrations of the decay of 238U, the productions and 
decays of 234U and 230Th, and the production of 4He, with discrete time steps of 2 ka. Options 
(1) and (2) calculate forward in time. Option (2), the simplest, uses a given initial (234U/238U) 
value and sums the 4He produced until this matches the measured value, with the total process 
time giving the age. In option (1), the calculation is the same but the age is found by successive 
approximation in which the initial (234U/238U) value is calculated from each successive assumed 
age and the measured present day value. In option (3), the time integration and decay and 
production simulations are carried out backwards; the age is found when the amount of 4He is 
reduced to zero. For all three options, 500 Monte Carlo simulations are carried out with input 
values varied following the norm-inversion of their 1 uncertainty, thus providing full error 
propagation. Apparent ages are output with 95% confidence uncertainty limits. 
In some cases options (1) and (3) yield no solutions. This is usually due to poor accuracy 
and precision of measured (234U/238U) or (230Th/238U) activity ratios. It happens when the 
measured amount of 4He requires an age for which the initial (234U/238U) value is below or 
above reasonable lower or upper limits (set at 0.5 and 10 for flowstones of the CoH) or (in the 
case of option (3)) the initial (230Th/238U) value becomes negative. In the output the number of 
successful solutions out of 500 attempts are listed; even a small percentage of valid solutions 
indicates that measured parameters are compatible within 2 uncertainty limits. The full text 
of the code and images of the windows are given in Appendix F2. 
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CHAPTER 9: U/Th and (U,Th)-He ages: Progress and dating 
attempts of CaCO3 flowstones  
 
9.1 Laser extraction (U,Th)-He Results 
The (U,Th)-He ages obtained from the experimental work of attempts 1-3 are given in 
Table 9.1. The complete analytical results are given in Appendix G. These results are reported 
for the purpose of demonstrating the challenges experienced with the development and setup 
of the (U,Th)-He method to date CaCO3 speleothems. They are deemed unreliable for any 
geologic interpretation as indicated by how they compare to ages for the same samples found 
in literature. The literature ages were not reproduced using any of the three attempts (Table 
9.1). Only one measurement of attempt 2 yield an age (2115.1 ± 56.0 ka) very close but not 
similar within error to the age (1800 ± 5 ka, Pickering et al., 2011a) for SWK5 (Table 9.1). The 
failure to reproduce the literature ages using any of the three attempts is due to the limitations 
of the methods used and the events observed during analyses. The majority of the reasons are 
briefly described in the next paragraph but detailed accounts are given for each sample in the 
laboratory notes in Appendix F3. 
The challenges experienced during He extraction were ultimately the major cause of 
inaccurate quantification of the He, U and Th contents, which resulted in the incorrect ages. 
Generally, apparent ages that are too low as a result of incomplete He extraction, whereas those 
that are too high resulted from apparent U and Th measured inaccurately too low. In attempt 1 
this was due to loss of sample during the heating process. Complete extraction of He was not 
always achieved because laser heating was inefficient. For attempt 1 the He extraction was 
incomplete because after the carbon coating was removed there was no laser coupling anymore, 
which reduced or eliminated the heating and extraction. Although Cu foil encapsulation 
prevented losses and contamination, it also led to incomplete He extraction. For attempts 2 and 
3, most samples did not glow until after a significant amount of time and at higher temperatures. 
This was interpreted to indicate that there was a transfer of heat from the Cu foil to the stainless 
steel bolt sample holders. Suggesting that the samples may not have been exposed to the 
expected temperatures for each step. Which would also explain why the results of heating at 
temperatures > 1300 ℃ for > 30 minutes deviated from the expectation that He diffuses easily 
out of calcite at low temperatures (e.g. Copeland et al., 2007; Cherniak et al., 2015). Wrapping 
with Cu foil led to problems that affected the accurate analyses of U and Th. U and Th were 
not completely recovered from attempt 2 experiments because not all sample material could be 
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recovered without dissolving the Cu foil. The tweezer-rinse method also did not squeeze all 
the sample out of the Cu foil. Dissolution of the sample together with the Cu foil in attempt 3 
ensured complete recovery of U and Th after He extraction. However, some U and Th was lost 
from sample solution during electrodeposition which led to a reduction in the U and Th signal 
and precision.  
Table 9.1: (U,Th)-He results (ka ± 2σ) obtained from experimental work of attempts 1-3 
compared to literature ages.  
Sample Attempt 1  Attempt 2  Attempt 3  Literature 
SWK5 
3032.6 ± 54.2  93.6 ± 1.9  73.2 ± 1.6  
1800 ± 5 ka 
(Pickering et al., 2011a) 7681.4 ± 139.4 
 3578.6 ± 67.5  2814.6 ± 49.9  
433.9 ± 10.3  2115.1 ± 56.0    
    
M2 
1366.1 ± 26.5  473.2 ± 15.8  87.9 ± 2.6  142-148 ka 
(Pickering & Kramers, 2010) 205.7 ± 6.1  1344.8 ± 36.3    
    
ER2a 
668.4 ± 13.5  1487.2 ± 30.1  10.8 ± 0.2  
96-100 ka 
(Dirks et al., 2017) 1614.7 ± 30.1 
   397.2 ± 7.9  
    1423.1 ± 38.5  
    
ER2J 
1322.9 ± 23.8  3081.2 ± 96.0  2414.3 ± 53.8  
30-32 ka 
(Dirks et al., 2017) 
3554.0 ± 86.3    1174.2 ± 23.0  
758.9 ± 22.3    800.6 ± 22.0  
    1134.8 ± 25.4  
 
 
9.2 U/Th ages 
U/Th disequilibrium analysis is an essential part of the (U,Th)-He dating technique for 
samples younger than about 3 Ma, and the development of this method at UJ was commenced 
in the course of this work.  
In order to test the method separately from the furnace He-extraction procedure, U/Th 
dating was carried out for samples of the Dinaledi Chamber which are duplicates of all samples 
dated at James Cook University (JCU) and University of Melbourne (UM) by Dirks et al. 
(2017). The results are summarised in Table 9.2 and the complete analytical data is given in 
Appendix G. With the exception of HW5, the ages obtained in this study tend to be lower but 
are in broad agreement with the ages of Dirks et al. (2017). The age (69.14 ± 3.52 ka) of HW5 
is more than twice the JCU age (24.7 ± 0.2 ka) and UM age (24.53 ± 0.43 ka). The isotopic 
compositions are also distinctly different for the two studies. The measured (234U/238U) activity 
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ratio (1.322) is very low compared to those of JCU and UM (1.86 and 1.88, respectively), 
whereas the 230Th/238U activity (0.642) is about twice those of JCU and UM (0.387 and 0.392, 
respectively). Even the measured U concentration (0.10 ppm) is much lower than the 0.692 
ppm and 0.501 ppm for JCU and UM, respectively. These major differences in every aspect 
suggest that HW5 is not the same flowstone sample as that dated by JCU and UM as RS19. 
The isotopic compositions and U concentrations of the other samples are similar or the 
differences are negligible. The broad agreement in the ages also suggest that there was no mix 
up of samples other than HW5. For HW7, the age of 100.69 ± 2.49 ka is in complete agreement 
with the JCU age (102.6 ± 0.8 ka) and UM age (98.6 ± 1.4 ka). ER2A and ER2J yield ages that 
are very similar to JCU and UM ages (Table 9.2). Direct comparisons are difficult for ER3 and 
ER6 because they are from the same flowstone which the core has been dated to 242 ka and 
the rim dated to 88 ka (Dirks et al., 2017). However, the ages of the two samples are consistent 
with the ages of the rim and the core. ER6 is from the outer edge of the flowstone and dates to 
94.32 ± 2.33 ka, whereas ER3 is from the middle of the flowstone and dates to 185.29 ± 6.92 
ka. Although the ER2G and JR03 ages obtained in this study are consistent within the replicates 
and with the analysed position of the flowstone, they are much lower than the UM ages, which 
are in turn younger than the palaeomagnetic chron found within this flowstone, dating it to > 
780 ka (Dirks et al., 2017). In the age range >300 ka, the error magnification from measured 
(234U/238U) and (230Th/238U) ratios to apparent ages becomes very large, and the systematic 
difference between our results and those of JCU and UM in this age range indicates that the 
(U/Th) methodology still needs improvement, as already discussed in Chapter 8. Nevertheless 
the accuracy was deemed to be good enough for the protocols to be used in the (U,Th)-He tests 
with furnace heating, described below. 
9.3  (U,Th)-He results  
The (U,Th)-He age calculated with the age calculator program (section 8.5.4) using the 
He concentrations measured from furnace extraction and the isotopic concentrations of U and 
Th are summarised in Table 9.3. The complete analytical data are given in Appendix G. The 
age calculator program takes into account the variations from secular equilibrium. Hence, the 
age is calculated using three methods which yield three age options as described in Chapter 8: 
method (1) for samples with equilibrium for (230Th/238U) and (234U/238U) disequilibrium, 
method (2) for old samples with secular equilibrium for both (230Th/238U) and (234U/238U), and 
method (3) for young samples with (230Th/238U) disequilibrium.  
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Figure 9.1: Activity ratio diagram for samples from Swartkrans, Sterkfontein and Rising Star caves.  
 
All the old (> 1800 ka) samples from Swartkrans and Sterkfontein caves (SWK5, BH1-
15, BH1-8 and BH4-9) are in secular equilibrium for (234U/238U) and close to it for (230Th/238U)   
(Figure 9.1, Table 9.3). These samples also yield the highest concentrations of He, which range 
from 12.7 ×10-8 μmol to 47.9 ×10-8 μmol (Table 9.3). The U concentrations range from 0.04 
ppm to 2.04 ppm, whereas the Th concentrations are lower than 0.075 ppm for all samples 
(Table 9.3). In contrast, the young M2 and the Dinaledi Chamber samples yield (230Th/238U) 
and (234U/238U) disequilibrium (Figure 9.1). Below, the (U,Th)-He ages, He, U and Th 
concentrations and isotopic compositions are briefly described for each sample and also 
compared to data available in the literature. 
 
SWK5 
SWK yield the highest U and He concentrations (Table 9.3). Its measured U 
concentrations and isotopic compositions are consistent with results of Pickering et al. (2011a). 
However, the (U,Th)-He results of SWK5 could not reproduce the U-Pb age of 1800 ± 5 ka 
(Pickering et al., 2011a; Table 9.3). All three methods yield apparent ages that are low to very 
low compared to this published value, with only one subsample (SWK5-UR1) which has the 
lowest U concentration (0.46 ppm), yielding the closest age: method 1 gives 1774 ± 197 ka 
whereas the age (1364 ± 475 ka) of method 2 is very close when the upper error limit is 
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considered (1839 ka). Method 3, which is inappropriate for samples in the age range of SWK5, 
yielded ages that are far too young. This sample probably provides an example of He-loss due 
to the fact that it was taken from a surface outcrop (the hanging remnant of Swartkrans) that 
might have been exposed to high temperatures by veld fires. 
BH1-8 
Two subsamples analysed have U concentrations (0.38 ppm and 1.46 ppm) in the range of those 
analysed by Pickering and Kramers (2010) (0.06 to 1.7 ppm). Subsample 1-8/1 shows an extremely 
high (230Th/238U) value of 3.49 ± 0.03, which is clearly impossible. This is thought to be caused 
by particulate platinum contamination emanating from automotive catalytic converters 
(195Pt35Cl, mass 230). This emphasizes the need to use an ultraclean laboratory for the chemical 
separation, which was not done for these samples. Since only calculation methods (1) and (2), 
in which measured (230Th/238U) are ignored, are appropriate for samples older than about 1 Ma 
(see section 8.5.4), this does not inhibit age calculations in this case. The results of method (1) 
are preferred for both subsamples. The apparent age of 2218 ± 357 ka obtained for subsample 
1-8/1 is too young outside error limits, compared to the U-Pb age of 2830 ± 344 Ma (Pickering 
and Kramers, 2010), whereas the value of  3101 ± 286 Ma for BH1-8/2 is too old but within 
error limits of the U-Pb age.  
BH1-15 
In Pickering and Kramers (2010), the average U concentration and the (234U/238U) 
activity ratio for BH1-15 are 2.14 ppm and close to unity, respectively. Subsample BH1-15-L1 
analysed here has a normal U concentration of 0.35 ppm, and (234U/238U) and (230Th/238U) 
values overlapping unity within uncertainty limits. Calculation method (1) is the preferred 
method, but yields an apparent age that is far too young (1862 ± 185 ka as compared to the U-
Pb age of 2800 ± 280 ka, Pickering and Kramers, 2010) so does Method (2). This must be due 
to He loss or incorrect He analysis, which cannot be readily explained in this case. Subsamples 
BH1-15_dark1 and BH1-15_dark2 have very low U concentrations of 0.04 and 0.047 ppm 
(Table 9.3) and the (234U/238U) and (230Th/238U) measurements are therefore unreliable. Even 
so, the (230Th/238U) value of 2.32 ± 0.05 obtained for BH1-15_dark1 in this study is impossible, 
and the cause is thought to be similar to that given above for sample BH1-8/1. Other values are 
close to unity (Figure 9.1, Table 9.3). Using method (2), the only viable one in view of the 
poorly defined (234U/238U) values, these subsamples yield ages (2538 ± 986 ka and 2667 ± 847 
ka) that are within error of the U-Pb age. The large errors are inherent in method (2) as a large 
range of initial (234U/238U) values (between 1 and 6, see chapter 8) is given. Nevertheless these 
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two results demonstrates the ability of the (U,Th)-He method to yield ages from samples with 
very low U contents, where U-Pb dating would not be possible. Method (1) yields no solution 
for BH1-15_dark1 because the initial (234U/238U) value would be above 10 (see section 8.5.4). 
The apparent ages from method (3) (which is inappropriate in this age range) are very low as a 
consequence of high (and poorly defined) measured (230Th/238U) values (BH 15-1 L1 and 
dark2) or (234U/238U) values (BH 15-1 dark1). 
 
BH4-9 
The U concentration (1.35 ppm) and the 234U/238U activity (0.999 ± 0.003) measured 
for BH4-9 in this study are consistent with values (average U concentration of 1.33 ppm and 
close to unity for the 234U/238U activity) of Pickering and Kramers (2010). Given the relatively 
well defined (234U/238U) activity ratio of 0.999 ± 0.003, calculation method (1) is the preferred 
one, and this yields an age of 2522 ± 429 ka, within error limits identical to the age obtained 
by Pickering and Kramers (2010) (2650 ± 300 ka). Method (2), which does not do justice to 
the constraint from the (234U/238U) measurement, yields a younger apparent age with a larger 
uncertainty, due to the large range of initial (234U/238U) ratios given. Method (3) is inappropriate 
in this age range and yields a young age. 
 
M2 
M2 was dated by Pickering and Kramers (2010) using the U/Th method which yielded 
two similar ages (148 ± 3 ka and 142 ± 13 ka) with similar U concentrations (1.26 ppm and 
1.40 ppm) and average (234U/238U) and (230Th/238U) activity ratios of 1.37 and 0.772, 
respectively. Here, a similar average 234U/238U activity (1.36) was measured but the measured 
average 230Th/238U activity (1.057) and average U concentration (0.59 ppm) are different. 
Given the young age range, method (3) would be expected to yield the best age estimate. For 
subsample M2_oHe_2 this yields 107 ± 42 ka and indicates an initial (230Th/238U) activity ratio 
of 0.52 ± 0.39. Subsample M2_Urich1 yielded an apparent age of 125 ± 21 Ma using Method 
(3), but this was a marginal result with only 20 solutions out of 500 Monte Carlo attempts 
(Table 9.3) and therefore method (1) should be preferred in this case. This yielded an apparent 
age of 174 ± 39 ka. Both (U,Th)-He results have large uncertainties that encompass the U/Th 
age previously obtained. Subsample M2_oHe1 yielded an apparent age that is far too young, 
for an unknown reason. 
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Table 9.2: Summary of U-Th dating results for flowstones from the Dinaledi Chamber. The complete analytical data is given in Appendix F. 
Sample 
ID  
Sample 
(g) 
U ppm Th ppm 
(×10-4) 
234U/238U 230Th/238U 230Th/234U Age (ka) (234U/238U) 
initial 
Dirks et al. (2017) 
Sample ID  Age (ka) 
ER2J-10 0.113 0.68 ± 
0.0007 
19.4 ± 
0.013 
1.86 ± 0.004 0.42 ± 0.003 0.22 ± 0.002 26.09 ± 0.78 1.924 ± 0.01 RS20 30.2-32.5 
ka 
HW5 0.266 0.10 ± 
0.0011 
50.3 ± 
0.62 
1.32 ± 0.005 0.64 ± 0.009 0.49 ± 0.008 69.14 ± 3.52 1.392 ± 0.013 RS19 24.5-24.1 
ka 
ER2A 0.236 1.42 ± 
0.0016 
6.54 ± 
0.045 
1.61 ± 0.004 0.91 ± 0.007 0.57 ± 0.005 85.06 ± 2.04 1.772 ± 0.011 RS14 95-100 
ka 
ER6 0.191 0.14 ± 
0.0001 
2.96 ± 
0.020 
1.85 ± 0.005 1.14 ± 0.009 0.62 ± 0.005 94.32 ± 2.33 2.106 ± 0.027 RS13 (88.46 – 242 ka) 
HW7 0.132 0.16 ± 
0.0002 
5.76 ± 
0.039 
1.87 ± 0.005 1.20 ± 0.009 0.64 ± 0.005 100.69 ± 2.49 2.158 ± 0.015 RS17 98-102 
ka 
ER3 0.254 0.15 ± 
0.0002 
5.49 ± 
0.55 
1.68 ± 0.004 1.50 ± 0.012 0.89 ± 0.002 185.29 ± 6.92 2.145 ± 0.027 RS13 (88.46 – 242 ka) 
ER2g-top 0.118 0.25 ± 
0.0007 
19.8 ± 
0.17 
1.22 ± 0.003 1.13 ± 0.011 0.92 ± 0.009 231.15 ± 14.41 1.423 ± 0.022 RS22 478 
+107/-41 
ka ER2g-bot 0.122 0.38 ± 
0.0017 
10.3 ± 
0.097 
1.20 ± 0.003 1.17 ± 0.013 0.98 ± 0.011 290.16 ± 28.65 1.448 ± 0.038 RS22 
JR03-1 0.078 0.52 ± 
0.0005 
6.45 ± 
0.043 
1.16 ± 0.003 1.17 ± 0.009 1.01 ± 0.008 372.58 ± 41.78 1.454 ± 0.056 RS23 502 
+181/-53 
ka JR03-2 0.117 0.51 ± 
0.0005 
12.8 ± 
0.086 
1.16 ± 0.003 1.18 ± 0.009 1.02 ± 0.008 384.37 ± 47.68 1.472 ± 0.066 RS23 
JR03-3 0.236 0.17 ± 
0.0002 
2.16 ± 
0.014 
1.16 ± 0.003 1.17 ± 0.009 1.01 ± 0.008 373.29 ± 42.83 1.455 ± 0.057 RS23 
 
 
Table 9.3: Summary of (U,Th)-He ages, He, U and Th concentrations and isotopic compositions for flowstones of the Swartkrans, Sterkfontein 
and Rising Star caves. The complete analytical data is given in Appendix F. Literature ages are included for comparison. 
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Sample ID Mass 
(mg) 
4He 
(umol ± 
1𝛔)  
(×10-8) 
238U 
(umol 
± 1𝛔) 
(×10-5) 
232Th 
(umol 
± 1𝛔) 
(×10-7) 
U 
ppm 
Th 
ppm 
(234U/238U) 
± 1𝛔 
measured 
(230Th/238U) 
± 1𝛔 
measured 
Meth. 1 
age 
ka ± 
95% *) 
Meth. 2 
age 
ka ± 
95% 
Meth. 3 
age 
ka ± 
95% *) 
Meth. 3 
initial 
(230Th/238U)  
± 95% **) 
Literature 
ages 
SWK5_UPbva1 37.68 
47.9 ± 
0.12 
32.1 ± 
0.04 
4.72 ± 
0.04 
2.042 0.003 1.003 ± 
0.003 
0.949 ± 
0.008 
1207 ± 
57 (1.09 
± 0.20)  
713 ± 
488 
no 
solution 
 1800 ± 5 
ka 
(Pickering 
et al., 
2011a) 
Swk5_UR1 43.07 
20.8 ± 
0.07 
8.26 ± 
0.009 
3.84 ± 
0.04 
0.46 0.002 1.006 ± 
0.004 
0.981 ± 
0.009 
1774 ± 
197 (1.85 
± 0.67) 
1364 ± 
475 
885 ± 
158 (0.98 
± 0.04)  
14.75 ± 2.10 
(5/500) 
SWk5_UR2 35.75 
12.7 ± 
0.04 
16.1 ± 
0.016 
5.40 ± 
0.04 
1.08 0.004 1.004 ± 
0.003 
1.008 ± 
0.008 
683 ± 11 
(1.02 ± 
0.04) 
378 ± 
257 
550 ± 90 
(1.02 ± 
0.03) 
1.74 ± 1.21 
(348/500) 
M2_oHe_2 33.56 
1.67 ± 
0.30 
12.2 ± 
0.01 
7.67 ± 
0.09 
0.871 0.005 1.378 ± 
0.004 
1.096 ± 
0.014 
134 ± 32 
(1.55 ± 
0.05) 
89 ± 60 107 ± 42 
(1.51 ± 
0.06) 
0.52 ± 0.39 
(446/500) 
142-148 ka 
(Pickering 
et al., 
2010) M2_Urich1 40.23 
0.83 ± 
0.14 
4.30 ± 
0.004 
3.07 ± 
0.03 
0.256 0.002 1.354 ± 
0.005 
1.012  ± 0.01 174 ± 39 
(1.59 ± 
0.07) 
118 ± 78 125 ± 21  
(1.50 
±0.03) 
0.17 ± 0.25 
(20/500) 
M2_oHe1 77.01 
0.48 ± 
0.008 
20.2 ± 
0.04 
4.84 ± 
0.05 
0.628 0.001 1.353 ± 
0.011 
1.062 ± 
0.012 
39 ± 2 
(1.39  
0.02) 
25  ± 15 17 ± 0.1 1.21 ± 0.03 
(500/500) 
BH1-8/1 21.93 
10.9 ± 
0.033 
3.43 ± 
0.004 
4.47 ± 
0.04 
0.375 0.005 0.9994 ± 
0.005 
3.49 ± 0.03 2218 ± 
357 (2.05 
± 1.20) 
1807 ± 
834 
no 
solution 
 2830 ± 344 
ka (1/8), 
2800 ± 280 
ka (1/15) 
and 2650 ± 
300 ka 
(4/9) 
(Pickering 
and 
Kramers, 
2010) 
BH1-8/2 58.5 
173 ± 
0.24 
35.5 ± 
0.037 
190 ± 
1.3 
1.455 0.075 1.0045 ± 
0.0035 
0.964 ± 
0.007 
3101 ± 
286 (3.40 
± 0.98) 
3094 ± 
822 
no 
solution 
 
BH1-15-L1 57.5 
20.9 ± 
0.03 
8.46 ± 
0.008 
4.77 ± 
0.03 
0.353 0.002 1.002 ± 
0.003 
0.998 ± 
0.008 
1862 ± 
185 (1.43 
± 0.63) 
1302 ± 
746 (13.9 
± 3.0) 
907 ± 
232 (1.01 
± 0.06) 
13.81 ± 3.04 
(146/500) 
BH1-15_dark1 19.77 
1.64 ± 
0.15 
0.38 ± 
0.001 
5.35 ± 
0.012 
0.047 0.006 1.023 ± 
0.031 
2.319 ± 
0.053 
2387  ± 
791 (3.33 
± 1.23) 
2538 ± 
986 
373 ± 24 
(1.07 ± 
0.19) 
39.6 ± 7.5 
(500/500) 
BH1-15_dark2 31.14 
2.26 ± 
0.65 
0.52 ± 
0.004 
5.04 ± 
0.023 
0.04 0.004 1.105 ± 
0.062 
0.961 ± 
0.044 
no 
solution 
2667 ± 
847 
787 ± 
216 (0.72 
± 0.43) 
35.0 ± 3.2 
(11/500) 
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BH4-9/2 17.37 
36.4 ± 
0.10 
9.81 ± 
0.01 
3.42 ± 
0.02 
1.354 0.005 0.999  ± 
0.003 
1.025 ± 
0.008 
2522 ± 
429 (2.44 
± 1.45)  
2236 ± 
842 
769 ± 86 
(1.0  ± 
0.05) 
28.0 ± 1.3 
(500/500) 
JR03-bottom 32.27 
8.58 ± 
0.17 
5.93 ± 
0.006 
7.08 ± 
0.06 
0.441 0.005 1.138 ± 
0.005 
1.169 ± 
0.011 
827 ± 24 
(2.43 ± 
0.10)  
681 ± 
485 
722 ± 
143 (1.99 
± 0.39) 
3.03 ± 3.32 
(3/500) 
502 +181/-
53 ka 
(RS23 in 
Dirks et 
al., 2017) 
JR03-mid 38.78 
5.29 ± 
0.10 
3.62 ± 
0.004 
6.18 ± 
0.05 
0.224 0.004 1.154 ± 
0.005 
1.182 ± 
0.011 
813  ± 22 
(2.53 ± 
0.10) 
701  ± 
492 
708 ± 31 
2.07 ± 
0.06) 
2.97 ± 0.08 
(2/500) 
JR03-top 29.77 
1.74 ± 
0.005 
3.30 ± 
0.003 
6.44 ± 
0.05 
0.266 0.005 1.180 ± 
0.006 
1.922 ± 
0.016 
393 ± 5 
(1.55 ± 
0.03) 
258 ±  
179 
170 ± 3 
(1.29 ± 
0.02) 
4.55 ± 0.09 
(500/500) 
ER2G-top 11.26 
6.28 ± 
0.02 
3.26 ± 
0.004 
15.9 ± 
0.017 
0.694 0.033 1.079 ± 
0.005 
1.144 ± 
0.013 
1087 ± 
26 (2.69 
± 0.10) 
941 ±  
626 
640 ± 
115 (1.49 
± 0.23) 
10.41 ± 2.35 
(493/500) 
478 +107/-
41 ka 
(RS22 in 
Dirks et 
al., 2017) 
ER2G-bottom 31.29 
7.50 ± 
0.01 
3.98 ± 
0.005 
9.82 ± 
0.012 
0.305 0.007 1.234 ± 
0.010 
1.294 ± 
0.016 
852 ± 20 
(3.61 ± 
0.10) 
900 ± 
598 
712 ± 
149 (2.63 
± 0.73) 
5.45 ± 4.74 
(19/500) 
ER3-top2 52.8 
0.94 ± 
0.01 
3.86 ± 
0.005 
14.9 ± 
0.021 
0.175 0.007 1.633 ± 
0.011 
1.661 ± 
0.024 
176 ± 32 
(2.04 ± 
0.10)  
142 ± 95 122 ± 37 
(1.51 ± 
0.21) 
1.51 ± 0.21 
(500/500) 
242 ka 
core (RS13 
in Dirks et 
al., 2017) 
with 
younger 
rim 
ER3-top 63.4 
1.55 ± 
0.14 
3.42 ± 
0.004 
4.49 ± 
0.004 
0.129 0.002 1.716 ± 
0.007 
1.624 ± 
0.016 
258 ± 32 
(2.49 ± 
0.13) 
225 ± 
150 
200 ± 17 
(2.26 ± 
0.06) 
0.42 ± 0.3 
(3/500) 
 
ER3-bottom 59.3 
1.74 ± 
0.14 
3.96 ± 
0.008 
4.66 ± 
0.004 
0.160 0.002 1.985 ± 
0.006 
1.713 ± 
0.015 
228 ± 23 
(2.99 ± 
0.12) 
223 ± 
145 
no 
solution 
 
 
*)    Included in brackets: initial (234U/238U) ± 95% confidence uncertainty limits for methods (1) and (3) (the value for method (2) is always 3.5 ± 2.9). 
**)  For methods (1) and (2), the initial (230Th/238U) activity ratios are always set at 0.01 ± 0.003 by default, and therefore are not listed in the Table. Included 
in this column in brackets: number of solutions out of 500 Monte Carlo attempts in calculation method (3).       
***) The preferred solutions are given in bold 
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JR03 and ER2G 
Duplicates of JR03 and ER2G, sampled from the same flowstone layer, have been dated 
at James Cook University (JCU) and University of Melbourne (UM) using the U/Th method 
(RS22 and RS23 of Dirks et al., 2017). JCU reported (230Th/234U) equilibrium, giving ages > 
400 ka, while UM gave ages of 478 +107/-41 ka and 502 +181/-53 ka, respectively. Further, 
the base of this flowstone layer recorded reversed magnetisation, indicating that it is older than 
780 ka (Dirks et al., 2017), which is not in accord with the UM U/Th ages. An average U 
concentration of 0.303 ppm (range = 0.206 to 0.367) was reported. Here, the average U 
concentrations are 0.31 ppm and 0.50 ppm for JR03 and ER2G, respectively.  
Method 1 is the preferred option for the JR03-bottom and JR03-mid, which yield within 
error identical ages of 827 ± 24 ka and 813 ± 22 ka respectively. The precision is good because 
(234U/238U) activity ratios are well constrained for this age range. Method (2) does not use these 
measured activity ratios and returns younger ages with very large errors. Method (3) yields 
only 3 and 2 solutions out of 500, respectively, and can therefore be discounted. Unlike the 
UM U/Th ages, the Method (1) results are in accord with the palaeomagnetic constraints. 
Subsample JR03-top was taken from a layer that overlies the bottom and mid sections 
unconformably. This subsample is very different from the other two in its apparent (230Th/238U) 
activity ratio as well as in its 4He content, and yields a precise age of 170 ± 3 ka using Method 
3, giving also a high initial (230Th/238U) value of 4.55 ± 0.09, suggesting Fe-Mn oxihydroxide 
dust with adsorbed 230Th, as the common Th content is low. It is however also possible that the 
high apparent (230Th/238U) value is caused by particulate Pt contamination as observed for 
subsamples of BH1-8 and BH1-15. In that case 393 ± 5 ka, yielded by Method (1), would be 
the preferred result. 
Subsample ER2G-bottom yielded an age of 852 ± 20 ka by method (1) (the preferred 
result) and a very marginal result of 808 ± 180 ka (only 7 solutions in 500 attempts, see Table 
9.3) by Method (3). The ages are in accord with the value found for the JR03 bottom subsample. 
The subsample ER2G-top has lower (234U/238U) and (230Th/238U) values than the bottom 
subsample. Here method (1) yields an apparent age of 1087 ± 26 ka, which contradicts the 
stratigraphic sequence. Method (3), however, gives 640 ± 115 ka, compatible with the 
stratigraphy, with a high initial (230Th/238U) value of 10.4 ± 2.4. This sample also has a much 
higher common Th content than most samples, suggesting Fe-Mn oxyhydroxide dust with 
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adsorbed 230Th. Particulate Pt contamination is unlikely in this case, as the measured 
(230Th/238U) value is not anomalously high (Figure 9.1).  
ER3 
ER3 is a duplicate of RS18 dated to 242 ± 5 ka by JCU and to 242.9 ± 6.6 ka by UM 
(Dirks et al., 2017). JCU measured 234U/238U and 230Th/238U activities of 1.848 and 1.856, 
respectively, with U concentration of 0.152 ppm. UM measured 234U/238U and 230Th/238U 
activities of 2.001 and 2.032, respectively, and a U concentration of 0.104 ppm. Here, three 
measurements yield lower average 234U/238U and 230Th/238U activities of 1.778 and 1.666, 
respectively, and an average U concentration of 0.155 ppm. Method (1) results are 217 ± 32 ka 
for the top and 228 ± 23 ka for the bottom, both with uncertainties overlapping the U/Th ages 
of JCU and UM. A second subsample from the top yielded a much younger apparent age of 
122 ± 37 ka of from method (3), with an initial (230Th/238U) value of 1.51 ± 0.21. The value 
yielded by method (1) (176 ± 32 ka, not preferred) is also significantly younger than those of 
the other subsamples. Since these subsamples are from a flowstone unit that contains a range 
of ages (see under 9.2 above), this does not constitute a contradiction.  
 
9.4 Discussion and outlook 
Since the (U,Th)-He results reported above are from experimental work, most of which 
is still in progress, geological interpretations of the results are avoided. They are especially 
unnecessary because all the samples used for the experiments have been dated with great 
precision using the U-Pb and U/Th techniques. Geologic interpretations are also not warranted 
for the reported U/Th results because they do not tell us any new information except confirm 
previous age estimations of Dirks et al. (2017). An exception are the results of JR03 and ER2G, 
which can be viewed as important for confirming that the dated flowstone is significantly older 
than the published  U/Th dates. The (U,Th)-He ages are between the Brunhes chron and the 
Jaramillo subchron, in agreement with palaeomagnetic results which indicate that the flowstone 
is older than 780 ka as suspected by Dirks et al. (2017).  
Concerning the development of the methodology and its validation, it is apparent that 
this shows considerable promise throughout the tested age range. It is clear that surface samples 
are to be avoided, and that even borehole samples may show ages that are too young due to He 
loss for unknown reasons. In the age range between 0.5 and 1.5 Ma where residual (234U/238U) 
can be reliably measured, precise and accurate ages can be obtained by method (1). In the case 
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of samples younger than about 0.5 Ma, method (3) can quantify the presence of initial 230Th in 
‘dirty’ speleothems. Further, the results show that accurate (if not precise) ages can be obtained 
on old samples with very low U and Th contents.  
The analytical methods need to be refined to provide greater precision and accuracy for 
4He as well as (234U/238U) and (230Th/238U) measurements, along the lines described in Chapter 
8. Further, the effect of particulate platinum contamination must be eliminated in order to 
remove the uncertainty about high apparent (230Th/238U) values. In addition to using an 
ultraclean laboratory, this can be dealt with by reverting to carrying out MC-ICP-MS analyses 
for both U and Th from HNO3 rather than HCl solutions. Meanwhile the present results 
demonstrate that the effort will be worthwhile. 
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CHAPTER 10: Synthesis and outlook 
 
The three parts comprising this study reported a variety of results that seem disparate. 
However, as a whole and considered together, these results allow us to further understand the 
paleoenvironment of Homo naledi and its final resting place. Reconstruction of the 
paleoenvironment of the Rising Star Cave is important to understand why Homo naledi fossils 
are not found in the other caves, particularly the nearby Sterkfontein, Swartkrans and Bolt’s 
Farm (Figure 2.6, 2.7). Although no evidence was found for occupation of the Rising Star Cave 
by Homo naledi (Dirks et al., 2015), the presence of its fossils in two chambers of this cave 
system (Dinaledi and Lesedi) together with the proposed theory of repeated deliberate body 
disposal suggest a regular and prolonged interaction with the cave system and its landscape. 
This synthesis attempts to reconstruct the landscape changes that occurred above the Rising 
Star Cave and its formation and sedimentation history using the results reported in this study. 
 
10.1 Landscape changes in the CoH 
The landscape of the CoH is considered old and has always been estimated to be eroding 
slowly with catchment-wide denudation rates < 5 m/Ma (Dirks et al., 2010; 2016; Granger et 
al., 2015). Locally high denudation rates have previously been suggested and attributed to river 
incision and recent cave collapses (Dirks and Berger, 2013; Dirks et al., 2016). This study has 
found that apparent denudation rates on the surface above the Rising Star Cave differ 
depending on the material analyzed (Chapter 6). Coarse-grained fractions and clasts in soil 
yield denudation rates that are similar to (although somewhat lower than) catchment-wide 
denudation rates derived from stream sediments (Figure 6.3). Bedrock samples from a scarp 
yield denudation rates that are higher, and similar to those previously attributed to river 
incision, whereas bedrock from relatively flat surfaces yield denudation rates that are between 
the two end-members. Further, this study has demonstrated that soil on the surface of the Rising 
Star Cave is biased towards the insoluble components of the bedrock. The majority of the 
bedrock in the CoH is dolomite which is denuded predominantly by chemical processes at a 
faster rate than the insoluble fraction of the bedrock. Quartz, chert and Mn- and Fe-
oxyhydroxide form the insoluble fraction which is estimated to be < 10 % and predominantly 
removed by physical processes. The soil lacks carbonate minerals (dolomite and calcite), 
probably mainly because it is old with residence times up to 1.5 Ma (Figure 6.5; Table 6.2). As 
a result of prolonged near-surface residence, the soil has complex cosmogenic nuclide exposure 
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histories that would lead to underestimated denudation rates if these are measured on stream 
sediments derived from such soils, and if no 26Al analyses are carried out. Thus, the average 
denudation rate of 8 m/Ma for the dolomite bedrock on relatively flat ground is here adopted 
as the true steady rate for the physical and chemical denudation processes in the Rising Star 
region of the CoH.  
A gradual aridification of the Southern African Highveld over the past 3 Ma is generally 
accepted (Vrba, 1995; Bobe et al., 2002; Bobe and Behrensmeyer, 2004; Hopley et al., 2007; 
Pickering et al., 2018). More detailed hydroclimatic changes have been resolved for the 
Limpopo catchment (Caley et al., 2018) showing that during the past 1.5 Ma the hydroclimatic 
changes of the area deviated from the mean climatic cycle changes (Figure 10.1 A - C). 
Following this, climatic conditions similar to those of the present day must have prevailed for 
the CoH area back to ca. 0.3 Ma, and were preceded by a drier period which commenced about 
0.9 Ma ago (Figure 10.1 A). It seems plausible that the average denudation rate also fluctuated 
with a pattern similar to these hydroclimatic changes. This suggest that the average denudation 
rate of 8 m/Ma (this study) represents the past ca. 0.3 Ma whereas for the dry period ca. 0.9 – 
0.3 Ma the average denudation rate should have been lower, possibly corresponding to values 
< 5 m/Ma. This interpretation suggests that minimal landscape changes occurred above the 
Rising Star Cave: the landscape would have been 5-6 m higher at 1.0 Ma and 2-3 m higher 
during the times of Homo naledi. An average denudation rate higher than 8 m/Ma would be 
more appropriate for the wetter period ca. 1.5 – 0.9 Ma (Figure 10.1 A), and significant 
landscape changes that led to a paleoenvironment that was attractive to Homo naledi may have 
occurred during this period. However, the paleoenvironment of the CoH and the Rising Star 
cave area could not have become attractive to Homo naledi due to landscape changes driven 
only by hydroclimatic factors without tectonic rejuvenation (King and Bailey, 2006; Bailey et 
al., 2001; Reynolds et al., 2011). Neotectonic activity has been identified in the CoH through 
faulting (Bailey et al., 2011) and small-scale fractures and joints activated in far field stress 
(Dirks and Berger, 2013). Although some faults have been mapped on the surface above the 
Rising Star Cave (see Figures 2.10, 2.11), it is most likely that the very common fractures and 
joints (see section 2.3.2 and Figure 2.12) played a dominant role in (a) controlling the 
denudation processes, and (b) the formation of the caves (see below). In controlling the 
denudation processes, fractures and joints facilitated physical weathering (particularly that of 
chert units and quartz veins) and enhanced dissolution of dolomite (increased filtration of 
meteoric waters).  
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The cosmogenic results reported in this study suggest that the landscape of the CoH is 
tectonically dynamic as suggested by Bailey et al. (2011) and Reynolds et al. (2011). The best 
way to use cosmogenic nuclides to assess and resolve such masked dynamic landscape features 
would be to analyse diverse rock types making up the landscape, which is of course not possible 
in the Rising Star area. 
 
10.2 Formation and sedimentation of the Rising Star Cave  
The Rising Star cave system is comprised of narrow chambers (see Figure 2.8) formed 
along fractures and joints like most cave system in and around the CoH (Martini et al., 2006; 
Dirks and Berger, 2013; Dirks et al., 2015). Such joint network caves with narrow and steeply 
dipping canyon passages are typically formed in vadose conditions (Palmer, 1991). However, 
Martini et al. (2003 and Martini (2006) argue that those in the CoH formed in a phreatic 
environment, while Dirks and Berger (2013) state that the CoH caves were actually formed in 
vadose conditions and propagated along joints and fractures by phreatic processes. The 
initiation of the cave network along the joint and fracture system may be linked to the wet 
period ca. 1.4 – 0.9 Ma recorded by Caley et al. (2018) (Figure 10.1 A). The record of Pickering 
et al. (2018) shows this period to be free of both flowstones, but (mostly) also of clastic 
sediments, thus leaving the possibility open that this was a time of wet climate. The reason that 
the narrow chambers of the Rising Star cave system never developed into large chambers could 
be due to rapid lowering of the water table, which could have been a result of the dry conditions 
during the period ca. 0.9 – 0.3 Ma. It could also have occurred in conjunction with faulting 
activity in the area. For example, movement along the fault adjacent to the Bloubankspruit 
River (see Figure 2.11) could have caused the water table to be lowered when the block north 
of the fault went down by ca. 22 m as indicated by the borehole.  
The ages of clastic sediments (Chapter 7) and flowstones (Chapter 9) in the Rising Star 
Cave suggest that the cave formed much later than caves in the nearby sites of Swartkrans, 
Sterkfontein and Bolt’s Farm (Figure 2.6). These nearby sites have caves with deposits dating 
back to at least 2.5 Ma (Partridge, 1973; Dirks and Berger, 2013; Gommery et al., 2018). In 
contrast, currently available ages of flowstones and clastic sediments in the Rising Star Cave 
suggest that all deposits are < 1.0 Ma (Figure 10.1 E). Flowstones are the oldest deposits with 
the oldest age of 0.831 ± 0.022 Ma (average (U,Th)-He age from the bottom of a flowstone 
sampled as JR03 and ER2G, which Dirks et al. (2017) estimated to be older than 0.78 Ma based 
on palaeomagnetism). This age is consistent with the transition from the wet period to the dry 
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period of Caley et al. (2018). Considering that speleothem ages can be younger than the timing 
of cave development by an order of magnitude (Stock et al., 2005), the notion that the cave 
could have started forming ca. 1.4 Ma ago (the onset of the wet period, Figure 10.1 A) is not 
in conflict with this. Surface-derived clastic sediments in the cave yield cosmogenic burial ages 
only up to 0.49 Ma. This suggest that the cave system was probably closed off from surface 
and inaccessible until about this time. The oldest dated clastic sediments are from one of the 
several debris cones in the Postbox Chamber. These deposits were formed when sediment 
matter entered the chamber through a chute that was open to the surface (Paul Dirks, personal 
communication, 2018). There are no debris cones in the Dragon’s Back and Dinaledi Chamber 
and above both chambers there are no vertical openings or fractures that are wider than 10 cm 
(Dirks et al., 2015; 2016b; Kruger et al., 2016). The sediments accumulated in the Dragon’s 
Back Chamber are sandy mud with abundant coarse-grained clasts and some units are 
consolidated or calcified. They are characteristic of distal facies sediments of a debris cone and 
appear to have been washed in from the Postbox Chamber (Dirks et al., 2015). Those in the 
Dinaledi Chamber, however, are unconsolidated mud with localised concentration of minor 
amounts of quartz but without any coarse clasts, which indicates that they are not directly 
related to the debris cone deposits (Dirks et al., 2015). The cave earth sediment in which Homo 
naledi fossils are encased is made up of clay-rich mud with abundant grains of Mn- and Fe-
oxyhydroxide and minor chert grains, but lacking detrital quartz grains (see Chapter 3). This 
composition is consistent with the notion that this sediment matter was uniquely derived from 
the dolomite host rock. The 40Ar/39Ar ages obtained from it reflect ages of Palaeoproterozoic 
tectonic events that affected the Malmani dolomite, and no externally derived muscovite with 
differing ages was detected (see Chapter 4). This endorses the conclusion that the Dinaledi 
Chamber has been isolated, in terms of sediment deposition, from the rest of the Rising Star 
cave (Dirks et al., 2015). Since the deposition of Homo naledi fossils, the chamber has been 
filled only by sediment matter derived internally within the cave. The occurrence of minor 
quartz in a side passage of the chamber, with identical (within uncertainties) cosmogenic burial 
ages (0.29 ± 0.03 Ma) and OSL dates (0.23 ± 0.04 and 0.24 ± 0.04 Ma) appears in contradiction 
to this notion and its origin is unclear. However, its association with an owl midden and rodent 
bones (Dirks et al., 2015) indicates that there must have been a smaller (and possibly short-
lived) opening into this side passage.  
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Figure 10.1: Comparison of hydroclimatic changes in the Limpopo catchment and ages of cave deposits 
in the CoH. (A) Hydrological variability in the Limpopo catchment indicated by cumulative sum of 
ln(Fe/Ca) (Caley et al., 2018). (B) The principal component of the sea surface temperatures of the 
southwestern Indian Ocean (Caley et al., 2018). (C) δ18O of benthic foraminifera (Caley et al., 2018). 
(D) U/Th ages of flowstones dated in other caves of the CoH. (E) Ages of flowstone and clastic deposits 
in the Rising Star Cave. 
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The sedimentation of the Rising Star Cave is consistent with the climatically controlled 
cave sedimentation model proposed by Pickering et al. (2007). According to this model, 
speleothem formation occurs during both the interglacial periods when the sea surface 
temperatures are warmer, and the glacial periods when there is reduced evaporation due to 
lower temperatures. Among the flowstones in the Rising Star Cave reliably dated by U/Th, 
RS18 (0.242 Ma), RS6 (0.050 Ma) and RS11 (0.01 Ma) are approximately coeval with 
flowstones in the Gladysvale Cave (Pickering et al., 2007; Figure 10.1 D and E), and there is 
indeed no correlation with interglacials (Figure 10.1 C). Flowstones formed during both 
periods have glacial and interglacial periods have been dated from several caves in the CoH 
(Figure 10.1 D and E). With regards to clastic sediments, the model suggests that sedimentation 
occurs during dry periods when there is less vegetation cover but increased storm activity 
which increases soil erosion. The ages of the clastic sediments in the Postbox and Dinaledi 
Chambers (Chapter 7) are consistent with deposition linked to the dry period ca. 0.9 to 0.3 Ma 
identified by Caley et al. (2018) (Figure 10.1 A and E). 
 
10.3 Additional constraints on the age of Homo naledi 
When the remains of Homo naledi were announced (Berger et al., 2015; Dirks et al., 
2015), the geologic age of the fossil assemblage was not available yet. This was met with 
criticism from the scientific community, mostly playing out in the media (e.g. McKie, 2015), 
and later speculations ensued about what the age could be. In an attempt to enhance the 
understanding of the fossil find some employed statistical methods to estimate the age. 
Thackeray (2015) used morphometric analyses and estimated an age of 2.0 ± 0.5 Ma, followed 
by Dembo et al. (2016) who used a dated Bayesian analysis of phylogeny of all the fossil 
hominins to suggest that the age of Homo naledi was 0.912 Ma. Although the age is now known 
to be between 0.236 Ma and 0.335 Ma (Dirks et al., 2017; Figure 10.1 E), it is still not accepted 
by all (e.g. Durand, 2017). The cosmogenic burial age results of this study are in agreement 
with the OSL ages of quartz in sediments and in accord with the U/Th and (U,Th)-He ages of 
flowstones within the Rising Star Cave overlying and underlying them. These ages are 
consistent with the determined age of Homo naledi. The observation by Pickering et al. 2018) 
that dry paleoenvironments could lead to preferential preservation of fossils in caves, thus 
biasing the record, takes on a different twist in the case of the Rising Star cave owing to the 
unique context of the H. naledi fossils. 
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10.4 Outlook on landscape evolution studies and (U,Th)-He dating of 
flowstones 
This study has shown that soil residence times in a Karst landscape can be extremely 
long (up to 1.5 Ma), and that vertical soil mixing can produce 26Al/10Be ratios that are lower 
than they would be at surface for the same 10Be content. This observation creates uncertainty 
about the use of 10Be analyses of stream sediments to determine catchment-wide denudation 
rates in such landscapes. Such uncertainty can probably be greatly reduced by analysing the 
same samples for 26Al, which could reveal the presence of such thick, vertically mixed and 
long-resident soils in the catchment area, and allow to assess its importance. Direct estimation 
of an average erosion rate for a catchment will however remain difficult and require 
assumptions on the soil thickness, especially if only one sample per catchment is analysed.   
Exploratory (U,Th)-He results obtained from dating flowstones in the Swartkrans, 
Sterkfontein and Rising Star caves have yielded positive results. It is likely that the (U,Th)-He 
dating method applied to speleothems will in future complement the geochronology techniques 
currently used to date cave deposits. This method will be a useful geochronometer in instances 
where a cave lacks surface-derived sediments to enable cosmogenic nuclide burial dating or 
speleothems cannot be dated with the U/Th and U-Pb dating techniques because they are older 
than 0.5 Ma or are ‘dirty’ (with common Pb) and/or contain little U. The problem of possible 
He loss in surface outcrop samples has been shown in the case of Swartkrans (see Chapter 9), 
and it will be necessary to explore if drilling (and how deep) can circumvent this problem. 
However, since the retention of He in carbonates under cave conditions appears established, 
the application of this method in dating speleothems within caves will be limited only by 
analytical methods, for which possible improvements are outlined in Chapter 9. 
10.5 Concluding remarks on the aims and objectives of the study 
To conclude, I revisit the aims and objectives of the study (section 1.3) to reflect on 
how they were addressed: 
a) To examine the relationship between the cave sediments, the soil on the surface and 
the bedrock geology using several geochemical techniques and dating methods. 
Petrographic descriptions (XRD, XRF, SEM-EDS and EMPA) and 40Ar/39Ar 
geochronology were carried out on cave sediments in the Dinaledi and Dragon’s Back 
Chamber and on soil from the surface above the Rising Star Cave. Petrography revealed 
that the unconsolidated and uncalcified cave sediments in which Homo naledi was found 
is composed of sericite-bearing mudstones and abundant ferromanganese concretions 
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(nodules and ooids). Minor amounts of sub-rounded to rounded quartz grains occur in the 
cave sediments but they are often absent. In contrast, the surface soils are predominantly 
composed of quartz, the majority of which are coated and/or have their fractures infilled 
by ferromanganese. The soils also contain abundant ferromanganese concretions that have 
a different fabric to those from the cave samples, but they are very similar to concretions 
found in cave sediments from the Sterkfontein Cave and in both cave sediments and soils 
of the Malapa Cave. The 40Ar/39Ar dating of the sericite in mudstones and the K-bearing 
ferromanganese in cave sediments and soils yielded Paleoproterozoic ages. These ages are 
in complete agreement with sericite dated from bedrock samples of the Transvaal and 
Witwatersrand Supergroups in and around the CoH. These findings have confirmed that 
the sediments encasing the Homo naledi fossils are derived from the bedrock and have 
little to no relation to surface sediments or those in other caves in the CoH. The differences 
in the fabric of ferromanganese concretions suggests that they are derived from different 
units in the stratigraphy. The lack, in the Dinaledi sediments, of the ferromanganese grain 
types from the soils and deposits from other caves suggests that the Dinaledi Chamber was 
closed off from the surface. 
 
b) To investigate the landscape changes of the CoH area by using in situ-produced 
cosmogenic 10-beryllium (10Be) to determine the denudation rates around the Rising 
Star Cave.  
Cosmogenic 10Be was measured from samples of bedrock, pebble- to cobble-size 
clasts and sand-size fraction of soil amalgamated from multiple locations above the Rising 
Star Cave. The concentrations of 10Be were used to calculate denudation rates for the 
landscape and it was discovered that apparent denudation rates decrease with grain size 
reduction. Bedrock yielded the highest denudation rates, and they are similar to denudation 
rates determined from bedrock around the Malapa Cave. However, the fast denudation 
rates around Malapa were attributed to fast river incision rates and recent collapses, 
whereas those above the Rising Star Cave are due to steady bedrock denudation. The clast 
and soil samples yielded denudation rates that are much lower than those of bedrock, but 
identical to catchment-wide denudation rates from stream sediments around the CoH.  
 
c) To study the development and evolution of the Rising Star Cave System by using the 
cosmogenic nuclide exposure histories of soils, given by the 26Al/10Be ratios, to 
understand the sediment pathways into the cave.  
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The 10Be results were paired with 26Al measurements to study the exposure histories of the 
surficial materials above the Rising Star Cave. The results revealed that the karst landscape 
of the CoH behaves very differently from silicate landscapes. Although the bedrock 
denudation processes appear to be faster on the surface, the irregular karst surfaces and 
landforms act as effective sediment traps. As a result, the soils are vertically mixed over 
prolonged periods and attaining complex exposure histories in the processes. The 
prolonged exposure periods lead to near-surface residence times of up to 1.5 Ma and 
cosmogenic nuclides inventories that are unrelated to the steady denudation of bedrock. 
This finding has significant implications for single-nuclide denudation rates and for the 
burial dating of sand-size sediments in the caves of the CoH. The former can be 
underestimated whereas the latter can be overestimated due to the excess cosmogenic 
nuclide inventories. To address the potential under- or over-estimation, it is crucial to (1) 
assess the exposure history of surficial material when determining denudation rates via 
stream sediments in a karst landscape and (2) analyse surface material that corresponds 
most closely to the cave sediment to be dated.  
 
d) To provide additional constraints on the age of the Homo naledi fossil-bearing 
sediments in the Dinaledi Chamber of the Rising Star Cave System by using the 
cosmogenic nuclide burial dating method. The ages of the fossil-bearing sediments 
have already been estimated by Dirks et al. (2017) using OSL dating of quartz, U/Th 
disequilibrium dating of calcium carbonate (CaCO3) speleothems, and U-series 
combined with ESR dating of tooth enamel. 
The Homo naledi fossil-bearing unconsolidated muddy sediments could not be dated with 
the cosmogenic nuclide burial method due to lack of sufficient surface-derived quartz. 
However, one sample (EMR) was obtained from a side passage ~10 m from the Dinaledi 
Chamber. This sample and 5 other quartz-bearing samples from the Dragon’s Back and 
Postbox Chambers were dated. The ages of these samples are in agreement with OSL ages 
of quartz from related units and U/Th ages of overlying flowstones. They add a further 
constraint on the ages of deposists in and around the Dinaledi Chamber. Importantly, the 
burial age of EMR shows that there once was a small opening near the Dinaledi Chamber, 
throughwhich the surface-derived quartz in this sample entered. 
 
e) To contribute towards addressing the geochronology challenges experienced at the 
CoH by development and validation of a (U,Th)-He dating method, suitable to date 
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CaCO3 speleothems older than the dating limit (~ 500 ka) of the U/Th disequilibrium 
dating method. It has been demonstrated that carbonates retain He in the crystal 
lattice at surface temperatures (Copeland et al., 2007), and by incorporating He 
analysis to U/Th disequilibrium measurements speleothems older than 500 ka can be 
dated (Copeland et al., 2007; Cros et al., 2014). 
Multiple experiments were carried out to develop and validate the (U, Th)-He dating 
method for the purpose of determining ages for flowstone material older than 500 ka. The 
results thus obtained have shown great prospects for the method, producing ages that are 
similar to previously determined U-Pb ages for some flowstones. The retention of helium 
in flowstones is generally excellent. The challenges that were experienced during the 
experiements were related to measurement of helium due to the excess CO2 and other gases 
released during calcination of calcite. Improvements are needed for helium measurements 
and for the measurements of (234U/238U) and (230Th/238U) in order for the method to provide 
greater precision and accuracy. As part of the development, a data reduction program was 
produced to calculate U/Th and (U, Th)-He ages using three options.  
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Appendix A: Petrographic analytical methods 
 
Petrographic studies of all samples were carried out at the SPECTRUM analytical 
facility of the University of Johannesburg. Sample were prepared for SEM and EMPA work 
by mounting the crushed material in epoxy to create 30 mm polished blocks. Prior to making 
observations, the polished blocks were coated with ~ 30 nm carbon to make their surfaces 
conductive. 
Appendix A1: X-ray Fluorescence (XRF) 
The bulk chemistry of samples was measured from borate fusion discs using the 
PANalytical MagiX PRO X-ray fluorescence (XRF) spectrometer. To measure the loss on 
ignition (LOI), ~ 1 g of the finely milled powder of each sample was dried in an oven for 24 
hours at 105 ℃. Thereafter, the dried material was ignited in a furnace for 30 minutes at 930 
℃. The preparation of the borate fusion discs was carried out using the LOI material. ~ 0.7 g 
of the sample after LOI was mixed with 0.1 g LiNO3. This mixture was further mixed with 6 g 
of fused anhydrous 50/50 flux (lithium borates with lithium boride: 49.75 % Li2B4O7, 49.75 % 
LiBO2, 0.50 LiBr) and transferred to Pt-Au crucibles. The fusion was carried out by heating to 
1050 ℃ using TheOX® electric fusion machine. 
Appendix A2: Scanning electron microscopy (SEM) 
Back-scattered electron (BSE) imaging and Energy Dispersive Spectrometry (EDS) 
analyses were carried out using a Tescan Vega3 scanning electron microscope (SEM) equipped 
with an Oxford Instruments XMax 50 mm2 EDX detector. The conditions for mapping were 
20 kV accelerating voltage, between 14 and 15 mm working distance and a 20 nA beam current. 
The beam intensity used was equal to 13-14 and dead time equal 30-50 % for point and ID 
analyses while dead time was equal to 10-20 % for element mapping. In semiquantitative EDS 
analyses and mapping a standardless procedure in the AZtec Software (Aztec 2.2. Oxford 
Instruments Nanotechnology Tools Limited. 2010-2013) was used, based on a database of 
peakshapes. 
Appendix A3: Electron microprobe analyser (EMPA) 
The CAMECA SX100 was used to carry out quantitative in situ chemical analyses on 
grains using wavelength dispersive spectrometer (WDS) detectors. The analytical conditions 
of 15 kV accelerating voltage, 20 nA beam current, 10-20 s counting times were used.  
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Appendix B: Supplementary petrographic data 
 
Appendix B1: Powder x-ray diffraction data 
 
Table B1.1: Minerals identified in all samples using XRD 
Mineral 
name 
Chemical formula High score software value used to identify 
mineral 
SO31 SO34 SO39 DB1 
Quartz SiO2 77 81 77 80 
Muscovite KAl₂(FOH)₂ 40 37 45 11 
Hematite Fe2O3 37 43 39 - 
Birnessite (Na,Ca,K)(Mn4+,Mn3+)2O4 
· 1.5H2O 
21 - - - 
Goethite FeO(OH) 17 - - - 
Dolomite (CaMg)(CO3)2 - 14 - - 
Kaolinite Al2Si2O5(OH)4 - - 13 - 
 
XRD diffractograms 
 
Figure B1.1: Powder x-ray diffractogram for UW101-SO31 
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Figure B1.2: Powder x-ray diffractogram for UW101-SO34 
 
 
Figure B1.3: Powder x-ray diffractogram for UW101-SO39 
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Figure B1.4: Powder x-ray diffractogram for DB1. 
 
 
Appendix B2 – Supplementary BSE-EDS element maps  
 
 
Figure B2.1: Element maps of a mudstone clast showing that the mudstone clasts are composed 
predominantly of very-fine-grained clay minerals rich in Mg (see agreement in mapping of Al (Al Kα1), 
O (O Kα1) and Mg (Mg Kα1)). They have little to no detrital quartz (Si Kα1), but a lot more detrital 
muscovite (and associated alteration phases, see K Kα1).  
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Figure B2.2: Element maps of the cave earth sediment showing their average chemical composition 
dominated by Mg- and Fe-rich clay minerals with sufficient K. Mn content of the mudstones is 
negligible, and they are not calcified and do not contain grains of calcite or dolomite.  
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Figure B2.3: Element maps of fused Mn nodules. They are composed of Mn-oxides and hydroxides, 
and can be rich in Mg and Ca, without any Fe content except on their outer boundaries.  
 
 
Figure B2.4: Element maps of a cluster of Mn nodules in a mudstone clast. Note the lack of agreement 
in mapping of Fe and Mn for the Mn nodules, the agreement of Mg with both mudstone and the coatings 
of Mn nodules, whereas Ca mapping only has an agreement  to the Mn nodules.  
 
 
 
Figure B2.5: SEM-EDS element maps of a Mn ooid composed of a chert nucleus coated by concentric 
Fe-Mn-oxihydroxide phases.  
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Appendix B3 –Electron microprobe (EMPA) Data 
Quantitative spot chemical analyses on mineral grains, mudstone clasts and fragments 
Table B2.1: EMPA data for sample UW101-SO31 
Point F Na2O MgO Al2O3 SiO2 Cl K2O CaO TiO2 V2O3 Cr2O3 MnO FeO F CoO NiO ZnO Total 
1 0.23 0.08 1.91 25.12 40.23 0.05 1.7 0.35 0.72 0 0.04 2.53 13.64 0.23 0.01 0.03 0.03 86.67 
2 0.13 0.06 1.87 19.66 52.14 0.05 1.24 0.29 1.04 0.03 0.03 0.31 9.78 0.13 0.02 0 0.03 86.68 
3 0.12 0.12 2.75 28.1 51.63 0.06 1.8 0.26 0.57 0.04 0.02 0.21 9.58 0.12 0 0 0.08 95.35 
4 0.15 0.07 2.83 25.2 48.38 0.05 1.52 0.37 1.05 0.03 0.02 0.22 9.35 0.15 0 0.03 0.03 89.31 
5 0.22 0.1 2.81 25.8 47.06 0.03 2.33 0.29 0.8 0.05 0.02 0.32 7.91 0.22 0.01 0.03 0 87.8 
6 0.05 0.09 1.4 12.97 82.04 0.04 1.05 0.12 0.19 0.02 0.02 0.12 4.41 0.05 0 0.01 0 102.54 
7 0 0.01 0 0.01 100.07 0 0 0.02 0 0 0.01 0.05 0.19 0 0 0 0 100.36 
8 0 0.01 0.01 0 100.09 0 0 0.01 0 0.01 0.01 0.06 0.16 0 0 0.03 0.01 100.38 
9 0 0 0 0 100.83 0.01 0.01 0 0 0 0 0.03 0.02 0 0 0.02 0.02 100.93 
10 0.1 0.14 6.9 25.11 46.1 0.06 1.45 1.65 0.75 0.03 0.03 0.07 8.82 0.1 0 0 0.02 91.22 
11 0.17 0.09 5.8 23.79 43.84 0.05 1.78 0.39 0.56 0.05 0.01 0.05 8.65 0.17 0 0 0 85.23 
12 0.2 0.12 6.62 26.66 48.39 0.06 2.63 0.41 0.54 0.02 0.04 0.08 7.96 0.2 0 0 0 93.73 
13 0.09 0.1 6.03 23.52 44.74 0.04 1.66 0.36 1.02 0.01 0.02 0.06 9.85 0.09 0.01 0.01 0.04 87.56 
14 0.14 0.04 7.01 17.48 38.4 0.11 0.84 0.34 0.43 0 0.03 0.12 6.94 0.14 0.01 0 0.04 71.93 
15 0.21 0.1 6.93 18.69 37.84 0.07 0.97 0.46 0.45 0.02 0.02 0.1 7.67 0.21 0 0 0 73.52 
16 0.12 0.1 4.4 23.72 42.77 0.06 1.81 0.33 0.63 0.01 0.04 0.15 7.47 0.12 0.02 0.01 0.06 81.71 
17 0.13 0.09 4.75 24.51 44.68 0.08 1.46 0.33 0.66 0 0.03 0.12 8.57 0.13 0 0.01 0.06 85.49 
18 0.17 0.1 5.75 24.46 42.66 0.07 1.37 0.34 0.73 0.03 0 0.16 9.36 0.17 0.02 0.05 0 85.28 
19 0.15 0.05 1.32 20.16 32.16 0.13 1.02 0.33 1.33 0 0.05 2.08 21.01 0.15 0 0.02 0.03 79.85 
20 0.11 0.03 0.93 7.94 18.84 0.05 0.42 0.17 41.67 0 0.02 0.98 27.66 0.11 0.01 0 0.05 98.88 
21 0 0 0 0 100.32 0 0.01 0 0 0 0.01 0 0.06 0 0 0.02 0 100.42 
22 0 0 0 0 99.69 0.01 0 0.01 0 0.01 0.02 0.04 0.13 0 0 0 0 99.9 
23 0 0.07 2.5 17.87 22.45 0.05 0.89 0.41 0.81 0.05 0.03 0.55 44.09 0 0.01 0.02 0.08 89.88 
24 0.15 0.06 2.48 22.7 37.26 0.13 1.12 0.31 0.66 0.03 0.01 0.34 19.28 0.15 0 0 0.02 84.55 
25 0 0.03 0.51 2.26 97.08 0.03 0.24 0.03 0.05 0.02 0 0.02 1.18 0 0.01 0 0 101.47 
26 0.07 0.08 2.21 24.92 38.82 0.11 1.42 0.46 0.76 0.01 0.04 0.37 18.77 0.07 0.01 0.01 0.06 88.11 
27 0.05 0.09 1.58 26.46 43.2 0.05 1.74 0.35 0.75 0 0.03 0.26 15.75 0.05 0 0.03 0 90.33 
28 0.11 0.14 1.04 22.67 40.86 0.04 2.48 0.34 1.37 0 0.05 0.21 11.38 0.11 0.01 0.03 0 80.74 
29 0.9 0.08 3.41 28.59 55.46 0.03 6.34 0.15 0.06 0.02 0.02 0.99 0.73 0.9 0.01 0 0.01 96.82 
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30 1.39 0.18 2.91 33.03 54.55 0.01 6.21 0.03 0.32 0.02 0.06 0.03 0.14 1.39 0 0.04 0 98.93 
31 0 0.01 0 0.01 99.65 0 0 0 0 0.03 0 0.04 0.15 0 0 0 0 99.9 
32 0.2 0.18 1.26 31.91 48.07 0.08 2.88 0.16 0.94 0 0.04 0.3 6.38 0.2 0 0 0 92.41 
33 0.08 0.18 1.33 33.16 49.24 0.06 3.02 0.15 0.75 0.02 0.04 0.3 7.6 0.08 0 0.02 0.08 96.02 
34 0.11 0.31 2.3 30.3 47.36 0.03 2.74 0.21 0.75 0.01 0.04 0.19 10.07 0.11 0.03 0.02 0.02 94.49 
35 0.14 0.07 2.19 21.22 34.75 0.06 1.64 0.5 1.19 0.02 0.02 1.41 19.46 0.14 0 0.03 0.04 82.74 
36 0 0 0.03 0.46 0.55 0.04 3.79 0.41 0.57 0.01 0.03 0.31 12.4 0 0 0.01 0.02 18.63 
37 0.09 0.19 1.4 31.16 45.32 0.06 6.92 0.2 0.51 0.02 0.04 0.06 6.87 0.09 0.03 0 0 92.88 
38 0.3 0.2 1.23 30.98 46.01 0.04 5.97 0.09 0.47 0.02 0.06 0.09 4.38 0.3 0 0.01 0.03 89.88 
39 0.11 0.13 2.03 26.79 45.85 0.06 2.01 0.73 0.87 0.02 0.01 0.43 12.78 0.11 0.02 0 0 91.84 
40 1.22 0.17 3.91 30.26 53.9 0.03 6.09 0.07 0.15 0 0.02 0.21 1.64 1.22 0 0.01 0.02 97.69 
41 0.24 0.06 2.21 25.18 38.38 0.08 2.1 0.58 0.96 0.01 0.02 3.16 16.02 0.24 0.03 0.01 0.05 89.08 
42 0.06 0.08 4.62 23.75 45.86 0.14 1.28 0.59 0.91 0.01 0.02 0.12 11.31 0.06 0.02 0 0.04 88.81 
43 0.17 0.1 4.47 23.87 46.12 0.16 1.33 0.52 0.98 0.03 0 0.12 11.06 0.17 0 0 0.03 88.95 
44 0.19 0.05 3.41 17.18 32.49 0.13 0.81 0.41 0.46 0.02 0.02 0.11 9.3 0.19 0 0.02 0 64.63 
45 0.01 0.03 1.42 9.18 13.16 0.11 0.29 0.24 0.58 0.01 0.02 1.14 59.55 0.01 0.01 0.03 0.04 85.84 
46 0.01 0.09 1.62 20.6 33.06 0.03 1.66 0.26 0.71 0.04 0.04 2.15 13.3 0.01 0.01 0.04 0 73.63 
47 0 0.01 0 0 99.78 0 0 0.02 0 0 0.03 0.03 0.05 0 0.01 0 0.02 99.94 
48 0 0.08 2.12 27.14 37.45 0.09 1.11 0.64 0.86 0.03 0.05 3 22.18 0 0.01 0.03 0.03 94.82 
49 0 0.02 0.38 4.38 89 0.01 0.17 0.04 0.18 0 0 0.35 2.08 0 0.01 0.03 0 96.65 
50 0.17 0.08 2.02 27.95 40.02 0.08 1.25 0.5 1.21 0.02 0.06 2.39 19.28 0.17 0.02 0 0.05 95.07 
51 0.75 0.33 4.44 18.79 27.44 0.05 1.39 1.92 0.51 0.01 0.03 26.03 9.31 0.75 0.17 0.01 0.08 91.26 
52 0.14 0.2 1.11 33.23 48.36 0.03 2.05 0.32 0.38 0.01 0.01 0.16 6.94 0.14 0 0.01 0.05 93 
53 0.47 0.31 4.09 19.3 29.38 0.04 3.26 1.64 0.47 0 0.03 20.88 5.61 0.47 0.09 0 0.02 85.59 
54 0 0 0 0 98.83 0 0 0.01 0.01 0.01 0.01 0.04 0.05 0 0.02 0.03 0.02 99.03 
55 0.14 0.08 1.84 27.86 40.39 0.08 1.3 0.55 0.94 0.04 0.03 1.4 20.49 0.14 0 0.01 0.03 95.18 
56 0 0 0 0 100.3 0 0 0 0.01 0.02 0 0.02 0.04 0 0 0 0 100.39 
57 0.12 0.13 1.79 29.1 46.21 0.06 2.28 0.48 0.71 0.02 0.03 0.25 12.76 0.12 0 0.01 0.03 93.98 
58 1.74 0.16 4.43 7.9 9.27 0.06 0.77 3.52 0.14 0 0.02 50.95 3.31 1.74 0.02 0.05 0.19 82.49 
59 1.49 0.05 4.08 4.65 4.53 0.03 0.53 3.85 0.13 0 0 54.88 1.23 1.49 0.01 0.01 0.17 75.64 
60 0 0.04 0.72 6.82 71.01 0.06 0.95 0.08 0.08 0.01 0.01 0.04 2.24 0 0.01 0 0.01 82.08 
61 1.23 0.28 0.32 0.15 0.33 0.22 0.01 41.41 0 0.01 0 0.08 0.12 1.23 0.02 0 0.12 44.3 
62 1.24 0.22 0.26 0 0.02 0.25 0 45.12 0.02 0 0.01 0.05 0.09 1.24 0 0.02 0.02 47.31 
63 1.38 0.24 0.26 0.01 0.04 0.3 0 40.83 0 0.02 0 0.06 0.12 1.38 0 0.01 0.1 43.37 
64 0.96 0.2 0.16 0.04 0.07 0.77 0.01 22.79 0.01 0 0 0.07 0.54 0.96 0 0.03 0.05 25.7 
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65 2.35 0.15 5.2 2.42 1.66 0.19 0.19 4 0.08 0 0 55.15 3.17 2.35 0 0.07 0.26 74.89 
66 0 0.01 0.03 0.36 0.98 0.02 0.02 0.06 0.14 0 0.01 0.33 85.97 0 0 0 0.01 87.94 
67 0 0.02 1.14 0.67 1.66 0.27 0 0.1 0.2 0.06 0.01 2.62 54.54 0 0 0 0 61.29 
68 0 0 0.07 0.39 0.83 0.03 0.01 0.05 0.1 0.03 0.03 0.35 86.31 0 0.01 0 0.01 88.21 
69 1.21 0.3 0.27 0 0.06 0.23 0.01 44.94 0 0.01 0 0.01 0.05 1.21 0 0 0.02 47.1 
70 1.22 0.23 0.23 0 0 0.16 0.01 45.03 0 0 0 0.08 0.15 1.22 0.01 0 0.01 47.13 
 
Table B2.2: EMPA data for sample UW101-SO34 
Point F Na2O MgO Al2O3 SiO2 Cl K2O CaO TiO2 V2O3 Cr2O3 MnO F FeO CoO NiO CuO ZnO Total 
1 2.76 0.6 4.85 3.51 3.45 0.02 0.57 3.2 0.11 0 0 57.75 2.76 1.86 0.01 0.01 0.07 0.08 78.85 
2 1.94 0.57 4.59 3.5 3.35 0.03 0.68 3.17 0.09 0 0 55.26 1.94 1.61 0.02 0.01 0.16 0.08 75.06 
3 1.74 0.59 4.55 3.55 4.13 0.02 0.65 3.18 0.15 0 0.01 55.31 1.74 2.93 0 0.03 0.14 0 76.98 
4 0.03 0.03 0.5 0.73 3.01 0.01 0.06 0.49 0.05 0.02 0.01 1.73 0.03 74.92 0.07 0.25 0 0.07 81.97 
5 0.04 0.28 1 32.09 43.21 0.08 3.32 0.47 0.41 0.01 0.04 3.72 0.04 7.07 0 0.02 0 0.05 91.81 
6 0.47 0.11 2.34 19.6 28.64 0.12 1.01 0.9 0.5 0 0.01 10.27 0.47 19.07 0.03 0.02 0.01 0 83.11 
7 0.54 0.1 2.09 16.9 26.68 0.14 1.23 1.23 0.38 0 0.04 13.24 0.54 14.92 0 0.04 0.01 0.01 77.55 
8 0.12 0.07 7.08 17.86 35.88 0.06 1.19 0.59 1.31 0.02 0.01 2.81 0.12 17.63 0.09 0.03 0 0.05 84.81 
9 0.01 0.09 1.55 16.24 66.74 0.05 1.02 0.29 0.66 0.01 0.03 0.05 0.01 6.35 0.03 0.01 0 0.02 93.16 
10 0 0.08 1.24 30.59 40.05 0.09 0.8 0.61 1.16 0.02 0.05 0.72 0 11.61 0 0.05 0.05 0 87.12 
11 0.08 0.11 1.97 27.62 43.52 0.06 1.64 0.75 1.63 0.01 0.02 0.1 0.08 10.07 0 0.01 0 0.01 87.6 
12 0 0.01 0.26 1.81 3.06 0.09 0.02 0.49 0.23 0.07 0.2 1.73 0 65.59 0 0.01 0.01 0 73.59 
13 0 0.02 0.31 3.58 5.35 0.07 0.09 0.56 0.38 0.1 0.43 1.87 0 70.74 0.02 0.04 0.03 0.04 83.62 
14 0 0 0 0 90.74 0.01 0.02 0.01 0 0 0 0.05 0 0.21 0 0.01 0.02 0 91.07 
15 0 0 0.03 0.11 86.08 0.01 0.02 0.01 0.02 0 0.03 0.16 0 0.29 0.01 0 0.02 0.04 86.84 
16 0 0.02 0.94 0.67 4.73 0.02 0.02 0.32 0.01 0.07 0 1.46 0 67.37 0 0 0 0.02 75.64 
17 0 0 1.06 0.78 4.34 0.02 0 0.38 0.01 0.04 0.01 1.72 0 65.19 0.02 0.03 0 0 73.59 
18 0.12 0.13 2.15 26.32 41.71 0.08 2.14 0.5 0.74 0.02 0.03 0.08 0.12 12.16 0 0.02 0.01 0 86.21 
19 0.12 0.11 2.48 24.78 43.24 0.07 1.56 0.63 0.75 0 0 0.11 0.12 11.43 0.01 0 0 0 85.29 
20 0.13 0.16 1.6 27.66 39.79 0.06 2.9 0.35 0.51 0.02 0.04 0.08 0.13 7.95 0 0 0 0 81.24 
21 0 0.01 0.01 0 90.02 0.01 0 0 0 0 0 0.02 0 0.02 0 0 0.03 0.05 90.16 
22 0 0 0 0 90.87 0.01 0.01 0 0.03 0.01 0 0.01 0 0.02 0 0.01 0.06 0.02 91.06 
23 0.17 0.02 0.83 1.33 2.65 0.02 0.17 0.07 88.94 0 0.2 0.06 0.17 0.98 0 0.01 0.04 0.03 95.53 
24 0.34 0.01 0 0 0 0.01 0.01 65.02 0 0 0 0.02 0.34 0.04 0 0.04 0 0 65.49 
APPENDICES 
201 
 
25 0.49 0.02 0.02 0 0.02 0.01 0.01 64.4 0 0.02 0.01 0.01 0.49 0.03 0 0 0 0.01 65.07 
26 0.26 0.02 0 0.01 0 0.01 0 61.22 0 0.02 0.04 0.02 0.26 0.05 0 0 0.01 0.02 61.67 
27 0 0.07 3.16 26.06 43.94 0.14 1.46 0.35 0.95 0 0.03 0.27 0 11.54 0 0.05 0.05 0 88.09 
28 0.16 0.07 2.28 22.71 34.12 0.08 1.66 0.48 2 0.03 0.03 0.34 0.16 10.45 0 0.04 0.04 0 74.49 
29 0.59 0.12 3.22 16 22.32 0.17 1.92 1.18 0.37 0.02 0.01 14.5 0.59 26.29 0 0 0.03 0.05 86.78 
30 1.34 0.08 7.27 6.63 16.56 0.24 1.03 1.61 0.19 0 0.01 29.32 1.34 2.99 0 0.03 0.04 0.16 67.52 
31 0 0.03 0.89 2.28 3.59 0.01 0 0.49 0.38 0.09 0.13 1.01 0 78.89 0.03 0.03 0 0 87.87 
32 1.43 0.24 0.43 0.01 0.02 0.1 0 42.24 0 0 0.01 0.08 1.43 0.2 0 0.01 0 0 44.8 
33 1.34 0.23 0.46 0.03 0.07 0.11 0 41.65 0.01 0 0 0.25 1.34 0.26 0.02 0.01 0 0.03 44.48 
34 0.88 0.12 3.34 2.76 8.99 0.24 0.11 2.07 0.16 0 0 26.54 0.88 24.06 0.01 0.09 0 0.09 69.46 
35 0.99 0.12 2.49 2.39 7.76 0.29 0.09 1.96 0.15 0.01 0.03 24.55 0.99 20.88 0 0.05 0.07 0 61.82 
36 1.25 0.1 2.72 2.5 6.19 0.21 0.09 2.08 0.16 0 0 26.2 1.25 19.61 0.04 0.05 0.06 0.01 61.28 
37 0.44 0.15 3.56 15.51 37.21 0.09 1.06 1.03 0.41 0 0.02 12.34 0.44 8.76 0 0.01 0.02 0 80.62 
38 0.19 0.1 1.6 24.52 42.09 0.08 1.47 0.53 0.65 0.01 0.03 0.62 0.19 11.21 0 0.01 0.04 0.04 83.18 
39 0.22 0.12 2.64 20.66 35.74 0.09 1.68 1.2 0.52 0 0.02 10.27 0.22 12.59 0.02 0.04 0 0.02 85.82 
40 0.03 0.09 2.23 25.86 41.09 0.09 1.89 0.38 0.65 0.01 0 0.1 0.03 12.78 0.03 0 0.01 0 85.25 
41 0.17 0 0 0 0 0 0 62.71 0 0 0.03 0.01 0.17 0.05 0 0 0 0.01 62.99 
42 0.39 0.03 0 0 0 0 0 63.74 0 0 0 0.04 0.39 0.03 0.04 0 0.02 0 64.29 
43 0.5 0.2 3.34 18.34 27.94 0.04 1.62 1.38 1.02 0 0.01 17.74 0.5 9.88 0.05 0.06 0.02 0.02 82.17 
44 0.9 0.35 3.5 14.15 20.58 0.07 0.9 2.07 0.59 0.02 0.03 22.53 0.9 19.11 0.07 0 0.06 0.06 84.98 
45 0.05 0.15 3.34 28.74 43.01 0.04 2.64 0.37 1.2 0.02 0.02 0.18 0.05 13.09 0 0.02 0.07 0.01 92.95 
46 0.86 0.12 2.13 10.45 15.77 0.06 1.06 2.12 0.7 0 0.02 20.44 0.86 6.36 0.3 0.02 0.04 0.02 60.48 
47 0.12 0.05 1.76 14.49 25.78 0.24 1.06 0.35 0.38 0.04 0 0.74 0.12 22.11 0 0.04 0 0 67.16 
48 7.77 0.01 0 0.02 0.04 0.01 0.02 58.08 0.02 0.02 0 0.07 7.77 0.38 0.02 0 0.04 0 66.5 
49 0.24 0.07 1.58 28.38 39.21 0.21 1.33 0.54 0.77 0.01 0.03 2.02 0.24 12.13 0 0.02 0.05 0.02 86.61 
50 1.39 0.2 3.17 2.12 3.13 0.17 0.62 3.66 0.13 0 0 51.83 1.39 3.95 0.04 0.04 0.01 0.04 70.49 
51 0.56 0.64 2.98 13.31 32.24 0.1 1.61 1.86 0.54 0.01 0.04 12.23 0.56 6.84 0 0.03 0 0.08 73.07 
52 0.24 1.05 2.49 23.02 39 0.33 2.45 0.42 0.74 0.05 0.03 0.19 0.24 8.95 0.02 0.03 0.02 0.01 79.03 
53 0.38 10.57 1.12 12.51 22.65 11.34 4.86 0.59 0.86 0.03 0 0.27 0.38 10.68 0 0.01 0.04 0 75.93 
54 1.5 0.22 2.83 30.82 49.52 0 7.22 0.03 0.13 0 0.02 0.36 1.5 0.44 0.01 0 0 0 93.11 
55 0.94 0.15 2.41 31.51 49.35 0.01 6.8 0.02 0.11 0 0.02 0.19 0.94 0.27 0 0 0.01 0 91.79 
56 0.08 0.06 1.91 27.51 39.04 0.08 1.34 3 0.73 0.01 0.05 0.12 0.08 12.12 0 0.04 0.06 0 86.16 
57 0.14 0.1 2.49 24.89 41.27 0.09 1.67 0.84 1.01 0.02 0.02 0.14 0.14 13.04 0.01 0 0 0.05 85.77 
58 0.17 0.07 2.05 21.63 34.75 0.1 1.86 0.39 0.62 0 0.01 0.21 0.17 10.85 0 0 0 0.04 72.73 
59 2.08 0.13 4.05 1.09 1.4 0.08 0.36 3.42 0.05 0 0.04 51.72 2.08 1.47 0 0.03 0.1 0.06 66.06 
APPENDICES 
202 
 
60 2.26 0.22 5.36 1.42 0.34 0.02 0.38 3.64 0.02 0 0 59.27 2.26 1.08 0 0.04 0.06 0.03 74.14 
61 2.41 0.18 3.98 0.71 2.68 0.2 0.56 3.9 0.09 0 0 60.18 2.41 2.24 0.05 0 0.03 0 77.19 
62 1.7 0.12 3.94 0.82 0.5 0.09 0.4 3.49 0.05 0 0 54.39 1.7 1.42 0 0.02 0.04 0.04 67.02 
63 0 0 0.24 2.35 74.04 0.01 0.01 0.05 0.03 0 0.02 3.62 0 2.16 0.04 0.04 0 0.07 82.69 
64 0.02 0.03 0.6 1.36 2.07 0 0.01 0.28 0.05 0.03 0 4.84 0.02 71.98 0 0 0.04 0.03 81.36 
65 0 0 0.35 3.78 72.61 0.02 0.02 0.1 0.03 0.01 0 6.59 0 4.13 0.02 0.1 0 0 87.77 
66 0.21 0.03 0.01 0 0.01 0 0 65.82 0.01 0 0 0.03 0.21 0.09 0 0 0 0 66.21 
67 0.32 0.02 0 0 0.01 0 0.01 63.55 0 0.01 0 0.01 0.32 0.04 0 0.01 0 0 63.97 
68 0.24 0.01 0 0.01 0 0 0 63.25 0.01 0.01 0 0 0.24 0 0.02 0 0.01 0.02 63.6 
69 0.72 0.15 2.65 24.79 37.21 0.02 5.45 0.16 0.12 0.01 0 6.49 0.72 1.67 0.04 0.13 0.06 0.01 79.69 
70 1.82 0.03 0.85 19.59 0.45 0.03 0.01 0.1 0.01 0.02 0 41.41 1.82 0.27 0.03 0.76 0.36 0.05 65.8 
71 0.2 0.06 0.78 13.01 57.23 0.06 0.77 0.35 0.24 0 0 5.81 0.2 6.48 0.02 0.11 0.04 0.09 85.26 
72 0.09 0.08 2.03 24.63 47.91 0.05 1.92 0.63 1.1 0.01 0.02 0.11 0.09 10.99 0 0.03 0 0.03 89.64 
73 0.1 0.1 2.64 26.07 43.97 0.08 1.65 0.67 0.73 0 0.05 0.08 0.1 11.64 0.01 0.06 0.01 0.01 87.86 
74 0 0.01 0.01 0.1 0.1 0 0 0.02 0.36 0.02 0 0.09 0 90.53 0 0 0 0 91.23 
75 0 0.04 0.52 0 2.94 0.01 0 0.36 0.1 0.03 0.03 0.09 0 82.14 0 0 0 0 86.26 
 
Table B2.3: EMPA data for sample UW101-SO39 
Point F Na2O MgO Al2O3 SiO2 Cl K2O CaO TiO2 V2O3 Cr2O3 MnO F FeO CoO NiO CuO ZnO Total 
1 5.79 0 0 0 0.01 0 0.01 59.45 0 0 0.04 0.03 5.79 0.07 0 0.01 0 0 65.42 
2 0.64 0.23 3.28 18.66 25.2 0.01 0.76 1.88 0.25 0 0.03 22.75 0.64 5.05 0.11 0.02 0.05 0.01 78.94 
3 0.35 0.13 3.81 20.24 37.06 0.06 1.27 1.46 0.65 0.02 0.01 12.97 0.35 8.83 0.04 0 0.02 0.08 87.01 
4 0.26 0.05 1.84 23.95 42.13 0.05 1.38 0.99 0.6 0 0.01 0.53 0.26 9.43 0 0.03 0.02 0 81.28 
5 2.29 0.19 0.75 0.13 0.92 0.13 0.01 47.38 0.02 0 0.04 0.1 2.29 1.39 0 0.03 0.02 0.01 53.4 
6 1.38 0.14 0.87 0.11 1.08 0.17 0.01 48.01 0.02 0 0 0.11 1.38 2.31 0.03 0 0 0.02 54.26 
7 2.72 0.08 6.86 1.81 4.06 0.07 0.62 3.2 0.09 0 0 55.42 2.72 1.8 0.06 0.08 0.08 0.11 77.06 
8 2.42 0.07 5.74 2 1.84 0.11 0.38 3.32 0.08 0 0 53.41 2.42 2.64 0.01 0.09 0.04 0.11 72.26 
9 0 0 4.75 0 75.54 0 0 7.33 0 0.01 0 0.16 0 0.14 0 0 0 0 87.92 
10 0 0 0 0 90.73 0 0 0 0 0 0 0.03 0 0.05 0 0 0.01 0 90.83 
11 0.01 0 0.02 24.13 34.81 0 0.05 24.04 0.11 0.17 0.03 0.08 0.01 9.48 0.01 0.04 0 0 92.98 
12 2.92 0.01 0.21 0.24 0.85 0.03 0.06 0.49 0.14 0.01 0.01 73.97 2.92 1.58 0 0 0.06 0.05 80.62 
13 2.17 0.22 5.35 4.11 3.1 0.06 0.46 2.78 0.09 0 0.01 54.89 2.17 1.82 0 0.16 0.09 0.09 75.39 
14 2.51 0.33 4.92 1.44 0.25 0.02 0.54 2.61 0.04 0 0 61.13 2.51 0.14 0 0.05 0.09 0.11 74.19 
APPENDICES 
203 
 
15 2.06 0.23 5.32 2.35 0.64 0.03 0.43 2.73 0.07 0 0.02 58.97 2.06 0.7 0 0.14 0.12 0.2 74.02 
16 1.91 0.32 4.73 1.48 0.28 0.03 0.56 2.6 0.03 0 0.02 61.76 1.91 0.17 0 0.07 0.13 0.13 74.22 
17 2.28 0.1 5.4 1.07 0.72 0 0.58 3.96 0.04 0 0 59.55 2.28 0.56 0 0 0.04 0.05 74.37 
18 2.45 0.13 9.85 2.61 6.67 0.21 0.33 2.57 0.07 0 0 42.86 2.45 1.79 0.03 0.08 0.01 0.07 69.74 
19 1.47 0.09 5.31 5.27 6.19 0.16 0.45 2.96 0.1 0 0 48.49 1.47 2.14 0.01 0.05 0.03 0.05 72.78 
20 2.17 0.11 9.93 2 8.18 0.21 0.36 2.54 0.07 0 0.01 40.99 2.17 1.21 0.03 0.04 0.07 0.05 67.96 
21 1.77 0.09 6.27 3.81 5.03 0.1 0.5 3.14 0.08 0 0.02 50.91 1.77 1.79 0 0.07 0.06 0.11 73.77 
22 0.05 0.12 1.34 26.25 41.34 0.11 2.24 0.25 1.33 0.04 0 0.18 0.05 11.16 0 0.02 0 0.06 84.5 
23 0.17 0.05 1.3 22.03 37.19 0.08 1.58 0.3 0.74 0.01 0.03 0.4 0.17 12.95 0 0.01 0 0 76.84 
24 0 0.11 1.27 21.9 64.71 0.04 1.92 0.11 0.32 0 0.02 0.07 0 3.97 0 0.02 0.02 0.01 94.49 
25 0.92 0.19 3.11 30.92 46.88 0.02 7.01 0.11 0.25 0 0.03 2.53 0.92 1.92 0 0 0 0 93.9 
26 0.89 0.16 5.14 18.82 26.31 0.09 1.19 1.99 0.59 0 0.01 26.01 0.89 8.04 0.14 0.02 0.05 0.07 89.51 
27 0.94 0.24 4.83 14.81 22.53 0.06 1.24 2.58 0.52 0 0.02 30.62 0.94 7.3 0.16 0.02 0.03 0.1 86 
28 1.81 0.09 5.18 0.62 0.59 0.19 0.47 4.16 0.06 0 0 56.54 1.81 1.27 0 0.04 0.03 0.07 71.13 
29 1.93 0.14 5.88 3.89 2.59 0.07 0.38 3.5 0.05 0 0 54.55 1.93 1.06 0 0.06 0.08 0.11 74.27 
30 1.28 0.21 2.13 31.65 47.09 0.01 6.29 0.04 0.3 0 0.05 0.21 1.28 0.51 0.01 0.01 0 0.02 89.83 
31 1.19 0.27 4.84 15.33 21.16 0.07 1.69 2.65 0.33 0 0 33.6 1.19 5.55 0.11 0.07 0.03 0.01 86.92 
32 0.49 0.1 3.11 21.66 35.58 0.12 1.09 1.36 0.49 0 0.03 10.57 0.49 12.76 0.04 0.03 0 0.07 87.5 
33 0 4.07 3.58 1.14 71.14 0.02 0.45 5.99 0.01 0.01 0.01 0.01 0 0.12 0 0 0.04 0 86.61 
34 0 5.44 4.1 1.26 72.06 0.02 0.42 6.21 0.01 0.01 0 0.02 0 0.1 0 0 0 0 89.63 
35 1.43 0.23 4.61 10.73 15.23 0.04 1.14 3.27 0.28 0 0 37.52 1.43 5.72 0.08 0.03 0.03 0.03 80.38 
36 1.4 0.19 4.79 13 18.4 0.05 1.11 3.16 0.61 0 0.01 34.76 1.4 6.71 0.06 0.04 0.02 0.05 84.36 
37 0.64 0.13 3.28 19.48 28.15 0.07 1.36 1.4 0.57 0 0.02 12.8 0.64 10.21 0.01 0.02 0.01 0 78.14 
38 0.2 0.09 7.58 20.94 40.28 0.1 1.27 0.75 1 0.03 0.02 0.17 0.2 8.62 0 0 0.04 0 81.09 
39 1.92 0.31 5.2 3.34 3.08 0.01 0.58 4.64 0.1 0 0.01 52.94 1.92 1.46 0.01 0.07 0.05 0.06 73.77 
40 1.91 0.34 8.29 4.93 7.36 0.04 0.4 3.24 0.1 0 0 45.38 1.91 2.31 0.01 0.07 0.09 0.05 74.53 
41 2.22 0.19 4.36 3 3.1 0.02 0.41 3.39 0.11 0 0 42.66 2.22 14.7 0.02 0.08 0.05 0.07 74.38 
42 2.13 0.13 12.19 3.32 9.36 0.14 0.18 2.03 0.12 0 0 35.79 2.13 2.15 0.03 0.11 0.01 0.04 67.73 
43 1.05 0.2 1.72 32.32 46.47 0 6.84 0.04 0.16 0 0.01 0.21 1.05 0.3 0.01 0.01 0 0.01 89.35 
44 0.35 0.13 3.29 22.64 36.2 0.13 5.16 0.63 0.16 0 0.02 7.35 0.35 4.11 0 0.04 0 0.02 80.24 
45 5.03 0 0.01 0.02 0.02 0.01 0.02 58.59 0.01 0 0 0.04 5.03 0.13 0 0.01 0.01 0.05 63.94 
46 5.21 0 0 0.01 0.03 0 0.06 58.29 0 0 0 0.06 5.21 0.14 0 0 0 0.04 63.86 
47 6.21 0 0 0 0 0 0.01 57.76 0 0 0 0.03 6.21 0.1 0.02 0.06 0 0 64.18 
48 11.75 0.42 0.71 0.78 0.45 0.03 0.06 54.55 0 0 0.02 0.03 11.75 0.18 0.03 0.01 0 0 69.02 
49 5.27 0.01 0.04 0.25 0.49 0.01 0.01 57.63 0.01 0 0.02 0.06 5.27 0.16 0 0.02 0.03 0 64 
APPENDICES 
204 
 
50 0.59 2.88 9.89 32.63 37.74 0 0.05 0.29 0.02 0.01 0.04 0.02 0.59 1.22 0 0.02 0 0.03 85.44 
51 1.43 0.16 0.94 7.37 9.49 0.02 1.87 1.35 0.15 0 0.05 44 1.43 2.83 0.06 0.07 0.02 0.09 69.9 
52 1.82 0.09 10.27 7.69 24.54 0.18 0.45 1.28 0.17 0 0 24.37 1.82 8.73 0.11 0.18 0.02 0 79.88 
53 2.49 0.23 3.42 0.95 3.12 0.04 0.43 2.19 0.06 0 0.01 60.94 2.49 1.19 0.14 0.17 0.05 0.08 75.5 
54 2.04 0.22 2.43 1.96 4.66 0.05 0.42 2.06 0.1 0 0.06 58.96 2.04 2.6 0.06 0.1 0.06 0.08 75.86 
55 0.58 0.1 6.56 9.62 25.69 0.13 1.37 1.18 0.75 0 0.02 21.09 0.58 2.56 0.01 0.04 0.04 0.05 69.79 
56 2.36 0.25 7.17 0.71 3.91 0.06 0.43 2.93 0.01 0 0.03 54.05 2.36 0.85 0.09 0.13 0.1 0.04 73.11 
57 0.67 0.2 3.78 19.6 30.62 0.05 1.33 1.99 0.64 0.03 0.02 22.75 0.67 11.89 0.11 0.04 0 0.03 93.74 
58 0.53 0.1 4.54 18.79 33.21 0.02 1 1.5 3.07 0.06 0.01 16.41 0.53 8.48 0.1 0.04 0.03 0.03 87.93 
59 0.04 0.21 1.85 28.27 46 0.06 3.24 0.33 0.55 0.04 0.02 0.26 0.04 11.77 0.02 0.04 0.05 0.01 92.76 
60 0.14 0.1 2.21 27.14 41.64 0.07 2.5 0.3 0.7 0.01 0.01 0.46 0.14 12.73 0 0.03 0.04 0 88.07 
 
Table B2.4: EMPA data for light orange mudstones in sample UW101-SO39 
Point F Na2O MgO Al2O3 SiO2 Cl K2O CaO TiO2 V2O3 Cr2O3 MnO FeO CoO NiO ZnO Total 
1 0.12 0.16 2.37 29.07 44.62 0.09 3.88 0.35 0.66 0.01 0.03 0.07 9.12 0 0.01 0.05 90.61 
2 0.72 0.28 2.44 22.17 32.2 0.06 2.38 1.64 0.39 0.01 0.01 17.99 7.85 0.12 0.03 0.05 88.32 
3 0.07 0.01 0.17 4.91 10.66 0.2 1.61 0.25 0.45 0 0.03 0.74 8.94 0.03 0 0.03 28.09 
4 0.14 0.12 3.43 26.33 43.84 0.07 2.57 0.49 0.6 0 0.03 0.13 11.45 0 0 0 89.2 
5 0.01 0.06 3.48 23.8 59.31 0.07 1.03 0.45 0.43 0.01 0.04 0.12 8.28 0.01 0.03 0 97.12 
6 0.12 0.1 2.69 26.7 42.4 0.07 1.31 0.67 0.97 0.04 0.04 0.13 13.34 0 0.01 0 88.6 
7 0.08 0.13 2.7 29.37 45.52 0.03 1.81 0.67 1.28 0.02 0.03 0.12 13.15 0 0.01 0.03 94.94 
8 0.1 0.06 2.07 24.65 39.96 0.14 2.28 0.25 0.82 0.02 0.01 0.32 9.89 0.01 0 0.01 80.59 
9 0.33 0.07 1.76 28.21 43.97 0.15 2.36 0.22 0.68 0.03 0.04 0.22 9.17 0 0.01 0.05 87.27 
10 0.14 0.19 2.19 27.28 41.35 0.08 2.42 0.48 0.89 0.04 0.04 0.09 10.61 0 0 0.03 85.82 
11 0.07 0.12 2.39 27.75 41.54 0.06 2.24 0.21 0.62 0.03 0.03 0.05 7.26 0 0.03 0.05 82.45 
12 0.12 0.05 7.09 17.94 51.95 0.05 1.81 0.29 0.92 0 0.04 0.32 15.77 0 0.04 0.08 96.47 
13 0.17 0.08 2.32 24.82 42.63 0.11 2.1 0.28 0.62 0.01 0.04 0.11 9.71 0.03 0.02 0.07 83.13 
14 0.08 0.06 3.24 22.89 39.69 0.14 1.42 0.6 0.56 0.01 0.04 0.1 15.13 0 0 0.02 83.97 
15 0.07 0.14 3.31 25.97 42.5 0.16 2.08 0.49 1.93 0.04 0 0.13 13.01 0 0.02 0.01 89.88 
16 0.04 0.39 1.09 33.94 48.76 0.09 7 0.13 0.23 0.05 0.02 0.03 3.61 0.01 0.02 0 95.42 
17 0.13 0.34 0.86 36.49 51.7 0 6.23 0.02 0.35 0.03 0.04 0.01 2.25 0.04 0 0.01 98.51 
18 2.27 0.23 6.17 3.61 4.75 0.17 0.46 2.7 0.09 0 0.03 44.47 2.96 0.05 0.03 0.02 67.99 
19 0.07 0.17 1.6 27.48 47.31 0.07 2.64 0.23 0.52 0.03 0.03 0.18 10.93 0 0 0 91.27 
APPENDICES 
205 
 
20 0.08 0.09 1.88 24.92 39.36 0.13 1.93 0.38 1.08 0.01 0 0.14 14.49 0 0.01 0.01 84.49 
21 0.22 0.01 0.58 28.64 37.9 0.1 0.66 0.14 0.27 0 0.03 0.17 5.74 0 0 0 74.46 
22 0.07 0.11 2.4 23.33 35.8 0.12 1.86 0.35 0.56 0.01 0.01 0.42 20.7 0 0.01 0.04 85.79 
23 0.09 0.08 4.05 20.95 38.97 0.25 0.95 0.47 0.6 0.02 0.03 0.23 12.29 0.02 0 0.01 79 
24 0.09 0.07 3.37 22.93 42.43 0.05 1.18 0.3 0.84 0.02 0.04 0.12 10.5 0 0 0.03 81.96 
25 0.08 0.25 2.23 30.46 45.11 0.1 2.76 0.29 0.42 0.01 0.01 0.25 11.88 0 0 0.01 93.85 
26 0.12 0.1 1.99 23.85 40.26 0.05 1.87 0.39 1.1 0.03 0.03 0.08 9.99 0.01 0.02 0.04 79.92 
27 0.06 0.09 2.18 25.08 45.4 0.05 1.82 0.36 0.69 0.04 0.06 0.17 17.03 0 0.02 0.07 93.12 
28 0.1 0.15 1.7 25.3 44.51 0.12 2.63 0.56 1.18 0 0.05 0.3 11.18 0 0.02 0.03 87.81 
29 0.13 0.09 1.77 24.54 40.15 0.09 1.84 0.42 0.57 0.01 0.03 0.33 13.75 0 0.01 0 83.73 
30 0 0.04 0.2 9.78 82.95 0 2.92 0.01 0.05 0.02 0.01 0.03 1.23 0 0.01 0 97.26 
 
Table B2.3: EMPA data for sample DB1 
Point F Na2O MgO Al2O3 SiO2 Cl K2O CaO TiO2 V2O3 Cr2O3 MnO F FeO CoO NiO CuO ZnO Total 
1 0 0 0 0.01 89.53 0 0 0.02 0 0 0.01 0 0 0.01 0 0 0.02 0 89.59 
2 0 0 0 0.06 89.69 0 0.02 0.01 0.01 0.02 0 0 0 0.01 0 0 0 0.02 89.84 
3 0 0 0.01 0.06 89.66 0 0.01 0 0 0.03 0.01 0.03 0 0.03 0 0.03 0 0 89.89 
4 0.9 0.09 1.22 13.66 17.99 0.09 0.96 1.46 0.57 0 0.03 20.19 0.9 9.24 0 0.05 0.01 0.08 66.54 
5 1.92 0.1 1.52 9.39 13.87 0.02 0.89 1.68 0.36 0 0.02 35.21 1.92 5.68 0 0.06 0.05 0.08 70.85 
6 0.09 0.02 0.02 0.42 84.76 0 0.16 0.02 0 0 0.01 0.37 0.09 0.02 0 0 0.02 0 85.91 
7 0.9 0 0.22 7.04 54.83 0.02 0.07 0.26 0.01 0 0.01 17.23 0.9 0.63 0 0.08 0.03 0.06 81.4 
8 0.38 0.01 0.26 5.46 68.22 0.02 0.08 0.31 0.04 0 0.01 12.4 0.38 1.74 0.01 0.07 0 0.02 89.03 
9 1.74 0.04 0.58 21.38 6.19 0.01 0.05 0.5 0.03 0.02 0 35.89 1.74 1.03 0.05 0.27 0.08 0 67.87 
10 0.3 0 0.13 2.31 76.03 0.01 0.05 0.22 0.02 0 0.03 7 0.3 0.91 0.03 0.01 0.02 0 87.06 
11 0 0 0.13 0.41 1.83 0.01 0 0.13 0.01 0.02 0.01 1.28 0 79.96 0.01 0.04 0.03 0 83.84 
12 0 0.02 0.16 0.5 2.16 0.01 0.03 0.13 0.05 0.03 0 1.47 0 78.62 0.01 0.02 0.02 0.09 83.31 
13 0.01 0.01 0.02 0.32 88.54 0 0.03 0.01 0 0 0 0.01 0.01 0.48 0 0.02 0.02 0 89.47 
14 0.07 0 0 0.08 88.89 0.01 0 0 0 0.02 0.01 0.01 0.07 0.03 0 0 0 0 89.12 
15 0 0.01 0.14 0.48 1.61 0.05 0 0.24 0.1 0.01 0.01 0.43 0 77.93 0 0 0.02 0 81.03 
16 0 0.01 0.26 1.99 2.78 0 0.02 0.32 0.05 0.02 0.01 2.9 0 75.32 0.04 0.03 0.01 0 83.76 
17 0.22 0 0.03 0.89 1.4 0.02 0.04 37.64 0.04 0 0 0.16 0.22 0.49 0.03 0.02 0 0 40.99 
18 0.86 0.32 2.48 29.22 43.48 0.01 9.93 0.02 0.71 0.12 0.06 0 0.86 0.23 0 0.04 0.03 0 87.51 
19 0.83 0.26 2.31 23.82 34.47 0.01 7.49 0.03 20.94 0.03 0.07 0.02 0.83 0.33 0 0.01 0.02 0.04 90.66 
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20 1.67 0.09 1.28 8.55 10.54 0.02 0.91 2.15 0.21 0 0.02 38.73 1.67 4.97 0.04 0.11 0.06 0.19 69.55 
21 1.15 0.06 1.21 8.3 17.29 0.02 0.96 2.08 0.28 0 0 34.07 1.15 4.74 0.04 0.11 0.08 0.23 70.62 
22 0 0.03 0.36 8.04 7.17 0.03 0.1 0.32 0.32 0.03 0.02 3.62 0 64.3 0.01 0.05 0 0.07 84.47 
23 0 0.02 0.44 1.52 3.22 0.02 0.04 0.2 0.04 0.04 0.23 0.36 0 69.45 0 0.02 0 0.03 75.64 
24 0.47 0.02 0.4 8.32 5.7 0.01 0.07 0.27 0.05 0.01 0 13.47 0.47 53.74 0.01 0.07 0.03 0 82.66 
25 0.02 0.01 0 0.01 89.72 0.01 0 0.01 0.02 0 0 0 0.02 0.03 0.03 0 0 0 89.85 
26 0 0 0.07 0.29 0.71 0 0 0.04 0.06 0.03 0 0.29 0 84.61 0.02 0 0.09 0 86.22 
27 0 0.03 0.12 1.6 4.5 0.01 0.17 0.28 0.04 0.08 0.01 0.57 0 73.28 0 0 0.06 0 80.73 
28 1.58 0.05 0.71 18.75 7.57 0.01 0.93 0.46 0.04 0 0.01 41.08 1.58 3.21 0.08 0.26 0.05 0.06 74.83 
29 1.72 0.07 0.52 15.68 9.07 0.01 1.62 0.46 0.04 0 0.02 43.51 1.72 4.03 0.08 0.18 0.05 0.07 77.12 
30 0.87 0.28 2.06 27.99 42.01 0.02 9.47 0.03 0.17 0.07 0.08 0.06 0.87 0.29 0 0.02 0 0.05 83.45 
31 1.38 0.21 0.2 15.68 15.74 0.01 1.29 0.31 0.5 0 0.05 35.04 1.38 4.13 0.02 0.04 0.08 0.01 74.68 
32 0 0 0.25 0.38 2.64 0.01 0 0.09 0.05 0.01 0.07 0.26 0 70.08 0 0.05 0.06 0 73.96 
33 0 0 0.37 3.79 3.44 0.04 0.34 0.11 0.38 0.07 0 2.12 0 72.09 0 0 0 0 82.76 
34 0 0 0.19 1.15 2.26 0.01 0 0.25 0.07 0.08 0.02 0.36 0 79.85 0.21 0.3 0.05 0 84.79 
35 0 0.02 0.19 1.2 2.35 0 0 0.28 0.07 0.06 0.03 0.35 0 80.14 0.11 0.16 0.02 0 84.97 
36 0.02 0 0 0.01 89.9 0.01 0.01 0.01 0.02 0 0 0 0.02 0.02 0 0 0.01 0 90.01 
37 0.01 0 0.03 0.24 0.37 0.01 0.05 0.03 49.49 0 0.04 1.71 0.01 41.71 0.04 0.04 0.03 0.05 93.83 
38 0 0 0 0 89.8 0.01 0 0.01 0 0 0.01 0.02 0 0.01 0 0 0.03 0.03 89.92 
39 0.89 0.03 0.95 18.15 11.28 0.03 0.21 0.9 0.22 0 0.01 20.94 0.89 17.96 0.04 0.08 0.02 0 71.71 
40 2.46 0.05 0.92 4.17 1.85 0 1.37 1.03 0.02 0 0.01 59.36 2.46 3.29 0 0 0 0 74.52 
41 2.43 0.08 1.17 3.07 1.31 0 1.32 0.92 0.04 0 0.01 59.6 2.43 3.41 0.03 0.03 0.04 0 73.46 
42 0 0.01 0 0 90 0.01 0.01 0 0 0 0.02 0.01 0 0.01 0.01 0 0.04 0 90.12 
43 0.08 0 0 0 89.74 0.01 0 0 0 0.01 0.03 0.02 0.08 0.01 0 0.01 0 0.05 89.96 
44 0.07 0.03 0.28 5.43 3.22 0.04 0.12 0.32 0.28 0.06 0 6.45 0.07 59.67 0.03 0 0 0.02 76.03 
45 0.93 0.21 1.2 28.3 30.94 0.01 5.81 0.12 0.54 0.04 0.03 11.07 0.93 0.87 0.01 0.18 0.01 0 80.29 
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Appendix C: 40Ar/39Ar analytical data 
 
Monitors for first series: all single step fusion, laser at 14 A, 5 min. heating 
 MMhb_J
_1_1step 
MMhb_
D_1_1ste
p 
MMhb_
D_2_1ste
p 
MMhb_J
_2_1step 
HB3GR_
E_2_1ste
p 
HB3GR_
K_2_1ste
p 
HB3GR_
E_1_1ste
p 
HB3GR_
K_1_1ste
p 
FCs_I_
3_1step 
FCs_C_
3_1step 
FCs_C_
2_1step 
FCs_I_
2_1step 
40Ar M 6.82E-13 5.97E-13 5.83E-13 5.7E-13 1.25E-12 1.94E-12 1.16E-12 8.21E-13 7.36E-
13 
2.61E-
13 
2.86E-
13 
5.82E-
13 
40Ar (nA) 8.447 7.392 7.219 7.06 15.483 23.969 14.406 10.167 9.114 3.233 3.542 7.206 
±2SE Abs 0.0061 0.0059 0.0057 0.0074 0.011 0.012 0.01 0.01 0.0099 0.0053 0.0055 0.014 
39Ar (nA) 0.2217 0.1926 0.1917 0.1865 0.1638 0.2666 0.157 0.1129 4.164 1.4908 1.4721 2.9283 
±2SE Abs 0.00013 0.00016 0.00016 0.00018 0.00014 0.00019 0.000079 0.00012 0.0037 0.0016 0.0015 0.0043 
38Ar (nA) 0.0637 0.05395 0.05761 0.04279 0.25021 0.14967 0.2458 0.16581 0.7413
8 
0.25067 0.27078 0.4901
2 
±2SE Abs 0.000078 0.000067 0.000093 0.00011 0.00017 0.00017 0.00016 0.00019 0.0008
2 
0.00044 0.0004 0.0008
6 
37Ar(nA) 0.30284 0.24276 0.24171 0.23348 0.25894 0.11235 0.27816 0.18994 0.1049 0.02136 0.04664 0.0471
3 
±2SE Abs 0.00026 0.00014 0.00024 0.0002 0.00017 0.000079 0.00013 0.00018 0.0001
1 
0.00004
8 
0.00007
7 
0.0001 
36Ar (nA) 0.000627 0.000413 0.000467 0.000474 0.00133 0.001078 0.000323 0.000357 0.0059
18 
0.00168
8 
0.00301
9 
0.0067
76 
±2SE Abs 9.3E-06 8.3E-06 8.3E-06 7.4E-06 8.2E-06 9.6E-06 5.6E-06 6.9E-06 0.0000
25 
0.00001
3 
0.00001
3 
0.0000
26 
relative z 
coordinate 
(mm) 
41 -1 -1 41 0 42 0 42 40 -2 -2 40 
days after 
irradiation 
28.7 32.7 32.7 32.8 32.8 32.8 28.6 29.7 32.9 32.9 32.9 32.9 
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Monitors for second series: total gas from multistep runs; up to fusion at 14 A 
laser; heating times all 5 min. 
Monitor FCs-
3_C_Tube2 
(8 steps) 
FCs-
1_F_Tube2 
(6 steps) 
Hb3Gr-
1_B_Tube2 (6 
steps) 
MMhb-
3_D_Tube2 (9 
steps) 
MMhb-
1_A_Tube2 
(9 steps) 
40Ar M 5.68E-13 5.68E-13 6.4E-13 7.3E-13 7.26E-13 
40Ar (nA) 5.3806 5.3797 6.0645 6.9126 6.8749 
±2SE Abs 0.00064 0.00053 0.00084 0.00078 0.00091 
39Ar (nA) 0.75984 0.59396 0.01864 0.05127 0.05072 
±2SE Abs 0.00015 0.00015 0.000026 0.00004 0.000047 
38Ar (nA) 0.13021 0.10192 0.02536 0.01535 0.01265 
±2SE Abs 0.000081 0.000052 0.000042 0.000027 0.000028 
37Ar(nA) 0.01408 0.01151 0.02748 0.07607 0.07484 
±2SE Abs 0.000025 0.000022 0.000029 0.000054 0.000059 
36Ar (nA) 0.0021 0.00574 0.00009 0.00011 0.00037 
±2SE Abs 0.000014 0.000016 8.2E-06 0.00001 0.000011 
relative z 
coordinate 
(mm) 
0 14 -1 13 -2 
days after 
irradiation 
26.8 25.9 25.7 24.9 24.7 
 
Exponential fractionation factor: -0.321      
All values regressed to time of gas inlet into mass spectrometer.      
Blank measurements carried out after 3 or 4 step measurements using exactly same protocol.      
Measured signals were blank corrected, using blank time functions, before regression.       
      
Constants used:      
Atmospheric argon ratios:      
(40Ar/36Ar)A  298.56 ± 0.31   Lee et al., 2006 
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(38Ar/36Ar)A  0.1885 ± 0.0003  Lee et al., 2006 
Interfering isotope production ratios:      
(39Ar/37Ar)Ca  (8.6 ± 0.1) E-4    Own calibrations of position B2W in Safari1 reactor 
(36Ar/37Ar)Ca  (2.8 ± 1.1) E-4   Own calibrations of position B2W in Safari1 reactor 
(40Ar/39Ar)K  0.0426 ± 0.0041  Own calibrations of position B2W in Safari1 reactor 
Decay constants:      
40K total  (5.541 ± 0.014) E-10 a-1  Kossert and Günther 2004 
39Ar   0.00258 ± 0.00003 a-1  Stoenner et al. (1965) 
37Ar   0.01975 ± 0.0005 day-1  Renne and Norman (2001) 
 
Sample: DB1, Dragon's Back chamber floor, bulk finely milled powder 
J-value: 0.002510 +/- 0.000006 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCor
r 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 1.77E-10 0.001164 7.32E-05 0.000381 0.000158 0.250161 0.244508 0 0 761.176 60.50502 
2 1.44E-09 0.001256 1.11E-05 0.00017 1.13E-05 0.45701 0.033362 0.016979 0.003442 755.8678 7.666052 
3 4.39E-09 0.001264 9.94E-06 0.000154 4.72E-06 0.465587 0.017277 0.030533 0.002772 754.9812 6.561726 
4 8E-09 0.001209 7.72E-06 0.000139 2.31E-06 0.478381 0.009798 0.031872 0.00171 792.7527 5.209991 
5 7.24E-09 0.001196 8.8E-06 9.05E-05 2.37E-06 0.436238 0.011282 0.029036 0.002236 813.6102 6.590596 
6 1.5E-08 0.001186 5.17E-06 8.41E-05 1.85E-06 0.427298 0.00843 0.022738 0.000942 821.9257 3.443193 
7 1.4E-08 0.001202 5.7E-06 8.15E-05 2.25E-06 0.404684 0.01094 0.020516 0.001463 811.5856 3.885366 
8 8.85E-09 0.001215 9.45E-06 9.58E-05 2.73E-06 0.394355 0.012891 0.024814 0.003402 799.5715 6.192453 
9 7.51E-09 0.001246 8.13E-06 6.64E-05 3.69E-06 0.372164 0.010636 0.025559 0.002837 786.5176 5.213038 
10 5.66E-09 0.001259 6.65E-06 9.29E-05 3.57E-06 0.391405 0.014543 0.028243 0.002841 772.3423 4.042303 
11 4.32E-09 0.001272 1.06E-05 0.0001 3.9E-06 0.369637 0.011346 0.031164 0.002703 762.7705 6.784139 
12 3.16E-09 0.001307 1.42E-05 0.000113 4.85E-06 0.350942 0.014649 0.029643 0.002545 739.4021 8.439275 
13 2.09E-09 0.001336 1.56E-05 9.5E-05 1.33E-05 0.377585 0.032899 0.022376 0.003418 727.2962 8.730846 
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14 1.33E-09 0.001312 2.11E-05 0.000128 1.4E-05 0.34781 0.031752 0.040436 0.007461 733.2549 11.47193 
15 8.66E-10 0.001324 2.99E-05 0.000132 2.37E-05 0.398309 0.049274 0.06595 0.012461 725.7234 17.344 
16 4.96E-10 0.001277 3.51E-05 0.000235 5.39E-05 0.575031 0.093335 0.062037 0.019398 728.3744 24.89277 
 
Step Nr. ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 54.00637 2624.532 1087.793 0.197001 1925.429 183.2165 0 0.526962 0.52738 0 0 
2 7.067819 5885.398 390.324 1.725553 1917.161 24.3356 0 0.962689 0.218681 0.00216 0.000697 
3 6.226073 6485.084 198.6797 5.311232 1915.776 21.59597 0 0.980756 0.214083 0.003884 0.001037 
4 5.276993 7204.224 119.6871 9.263301 1973.848 17.59927 1 1.007708 0.217745 0.004054 0.001041 
5 6.1515 11047.22 289.0488 8.291605 2005.131 21.22649 1 0.918933 0.199092 0.003693 0.00097 
6 3.672227 11891.65 261.3956 16.9841 2017.454 13.0005 1 0.9001 0.19443 0.002892 0.000736 
7 3.942063 12263.46 338.3477 16.09809 2002.118 15.32922 1 0.852464 0.184813 0.00261 0.000681 
8 6.401433 10443.05 297.4599 10.29762 1984.135 20.29073 1 0.830706 0.180742 0.003156 0.000903 
9 5.235956 15064.86 838.0311 8.955686 1964.39 17.14002 1 0.78396 0.170117 0.003251 0.000893 
10 4.194187 10768.07 414.3874 6.82313 1942.7 15.18188 1 0.824493 0.17998 0.003593 0.000972 
11 6.545669 9970.33 387.3548 5.259556 1927.906 21.46401 0 0.778639 0.169187 0.003964 0.001053 
12 8.334118 8886.397 382.7889 3.951922 1891.268 26.88804 0 0.739257 0.161985 0.003771 0.001001 
13 8.724993 10529.05 1479.553 2.676652 1871.99 27.77258 0 0.79538 0.184594 0.002846 0.000837 
14 12.24589 7810.803 854.7669 1.664751 1881.505 34.11873 0 0.73266 0.171206 0.005144 0.001603 
15 17.04629 7583.127 1362.256 1.097353 1869.47 56.53839 0 0.839037 0.2082 0.008389 0.002636 
16 21.54968 4252.376 974.3607 0.605934 1873.716 77.83378 0 1.211299 0.326414 0.007891 0.003165 
 
Sample UW101-SO31, Dinaledi Chamber floor, bulk finely milled powder 
J-value: 0.002508 +/- 0.000006 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 6.47E-10 0.001507 3.05E-05 0.000659 2.98E-05 0.774743 0.069611 0.044081 0.008822 533.2032 15.30836 
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2 3.45E-09 0.001427 1.45E-05 0.000198 5.93E-06 0.627266 0.018346 0.055572 0.003958 659.3688 6.970408 
3 1.09E-08 0.001389 8.5E-06 0.000122 2.67E-06 0.601979 0.008142 0.048366 0.002343 693.8421 4.192858 
4 2.67E-08 0.00117 4.63E-06 4.45E-05 9.91E-07 0.489266 0.006813 0.034222 0.001479 843.0558 3.527972 
5 2.32E-08 0.001124 3.76E-06 2.74E-05 1.38E-06 0.391151 0.004671 0.028236 0.001736 882.1177 3.195679 
6 1.76E-08 0.001112 4.49E-06 4.26E-05 1.77E-06 0.308692 0.004908 0.026762 0.001166 887.4493 3.761571 
7 1.54E-08 0.001104 4.13E-06 5.11E-06 6.22E-06 0.296083 0.008486 0.019263 0.001868 904.6348 3.45142 
8 1.05E-08 0.001117 6.61E-06 1.77E-05 2.68E-06 0.302786 0.008208 0.020929 0.00209 890.7827 5.543274 
9 7.96E-09 0.001147 6.1E-06 2.22E-05 4.13E-06 0.250084 0.009585 0.020651 0.003758 866.0452 4.458683 
10 1.3E-08 0.001256 4.42E-06 1.33E-05 2.23E-06 0.218437 0.004341 0.018461 0.002074 792.9006 2.68325 
11 6.75E-09 0.001243 6.35E-06 3.41E-05 4.5E-06 0.284336 0.012114 0.020114 0.00263 796.626 4.301027 
12 5.95E-09 0.001299 1.03E-05 3.51E-05 7.29E-06 0.221258 0.014934 0.013929 0.00317 761.7767 6.136049 
 
Step 
Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 663.7689 13.45902 1517.817 68.62527 0.579484 1529.966 58.97275 0 1.631993 0.765234 0.005607 0.003138 
2 700.8092 7.145531 5049.029 151.1818 2.928818 1758.775 25.23655 0 1.321333 0.609312 0.007069 0.003729 
3 720.0846 4.405872 8192.37 179.4745 8.972491 1816.552 16.42418 0 1.268066 0.583824 0.006152 0.00323 
4 854.3947 3.383286 22496.72 501.6069 18.5685 2047.249 13.26352 1 1.030637 0.474523 0.004353 0.002283 
5 889.3817 2.973661 36554.85 1844.555 15.5156 2103.062 12.73207 1 0.823958 0.379318 0.003592 0.00189 
6 898.8922 3.624064 23453.22 975.0188 11.62575 2110.548 13.0111 1 0.650258 0.299431 0.003404 0.001786 
7 906.0159 3.389452 195847.8 238762 10.1319 2134.467 13.25027 1 0.623697 0.287585 0.00245 0.001303 
8 895.5048 5.300315 56618.79 8590.943 6.9737 2115.212 18.48052 1 0.637817 0.294036 0.002662 0.001417 
9 871.8128 4.636967 45129.31 8419.371 5.429669 2080.306 15.67875 1 0.5268 0.243276 0.002627 0.001454 
10 796.0707 2.80228 74973.68 12512.69 9.689407 1972.952 11.52519 1 0.460136 0.211955 0.002348 0.001255 
11 804.8124 4.115957 29351.74 3880.417 4.991046 1978.577 15.85144 1 0.598953 0.276821 0.002558 0.001379 
12 769.8421 6.130794 28497.73 5923.092 4.593634 1925.258 21.16492 1 0.466078 0.216787 0.001772 0.00101 
 
Sample UW101-SO34, Dinaledi Chamber floor, bulk finely milled powder 
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J-value: 0.002509 +/- 0.000006 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 4.83E-10 0.001193 3.51E-05 0.000291 3.03E-05 1.025325 0.115892 0.0202 0.005728 765.1919 25.30858 
2 4.8E-09 0.00113 5.73E-06 0.000139 4.17E-06 0.913768 0.024103 0.044641 0.002099 847.9959 4.900386 
3 1.32E-08 0.001105 3.87E-06 0.000114 2E-06 0.912173 0.011656 0.040423 0.00156 874.2689 3.052963 
4 1.95E-08 0.001046 3.9E-06 7.69E-05 1.63E-06 0.893257 0.011048 0.03387 0.001612 934.0587 3.466592 
5 1.57E-08 0.001081 5.1E-06 0.000104 2.1E-06 0.824197 0.010794 0.034897 0.002799 896.2321 4.276738 
6 1.48E-08 0.001091 5.05E-06 0.000111 2.11E-06 0.672899 0.013175 0.032196 0.002185 885.8352 4.258352 
7 1.13E-08 0.001099 5.52E-06 6.48E-05 2.11E-06 0.542958 0.011106 0.02332 0.002674 892.5908 4.302113 
8 6.02E-09 0.001074 8.56E-06 9.04E-05 3.8E-06 0.514947 0.022073 0.018161 0.002336 906.2484 7.067202 
9 5.02E-09 0.001142 9.85E-06 7.34E-05 4.36E-06 0.428519 0.024268 0.022661 0.003787 856.1556 7.511609 
10 7.47E-09 0.001151 8.87E-06 8.3E-05 4.04E-06 0.42544 0.012238 0.022808 0.002185 847.2375 6.61302 
11 6.63E-09 0.001184 6.91E-06 5.96E-05 4.02E-06 0.278193 0.010226 0.009269 0.002051 829.7193 4.945611 
12 1.89E-09 0.001166 1.55E-05 0.000125 9.71E-06 0.210336 0.034239 0.009308 0.002974 825.6729 11.77773 
13 1.42E-09 0.001334 1.57E-05 0.000139 1.78E-05 0.328614 0.038952 0.034731 0.007781 718.5083 9.354348 
 
Step Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 838.0841 24.62733 3432.718 356.7429 0.483749 1930.84 78.87361 0 2.159842 1.078609 0.002569 0.001595 
2 884.6065 4.486484 7213.977 216.8327 4.546129 2054.7 17.43168 1 1.924848 0.937686 0.005678 0.003146 
3 905.1508 3.171821 8750.81 152.9715 12.21667 2092.285 12.66071 1 1.921487 0.934998 0.005142 0.002845 
4 955.9986 3.562796 13009.31 275.5958 17.10235 2175.003 12.88044 1 1.881641 0.915589 0.004308 0.002387 
5 924.8673 4.362427 9642.974 195.7055 14.20097 2123.113 15.08705 1 1.736166 0.844835 0.004439 0.002476 
6 916.1936 4.239807 9010.318 171.3215 13.53489 2108.585 15.46486 1 1.417458 0.690057 0.004095 0.002278 
7 910.2093 4.571236 15424.19 502.7815 10.397 2118.039 15.08803 1 1.143738 0.556844 0.002966 0.001673 
8 931.3953 7.423379 11058.13 464.7622 5.419803 2137 20.44616 1 1.084734 0.529696 0.00231 0.001309 
9 875.346 7.550397 13618.48 809.1026 4.807089 2066.457 23.09926 1 0.902673 0.442056 0.002883 0.001663 
APPENDICES 
213 
 
10 868.7618 6.692355 12050.44 587.3586 7.214366 2053.603 20.32723 1 0.896187 0.436697 0.002901 0.001626 
11 844.747 4.929408 16782.94 1132.923 6.586183 2028.084 17.02793 1 0.586011 0.285868 0.001179 0.000701 
12 857.5955 11.39625 8020.768 624.5675 1.851887 2022.138 35.24095 1 0.443073 0.227273 0.001184 0.000755 
13 749.6136 8.806385 7195.082 920.1012 1.59129 1857.064 30.95897 0 0.692224 0.346574 0.004418 0.002632 
 
Sample UW101-SO39, Dinaledi Chamber floor, bulk finely milled powder 
J-value: 0.002510 +/- 0.000005 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 2.22E-09 0.001126 1.25E-05 0.0002 8.42E-06 0.207937 0.026018 0.030189 0.003024 835.0688 10.044 
2 8.58E-09 0.001074 7.33E-06 0.000154 2.13E-06 0.258492 0.007777 0.029565 0.001592 888.4111 6.716182 
3 1.19E-08 0.001047 5.16E-06 0.000157 1.99E-06 0.237265 0.006442 0.026831 0.000975 910.8329 5.275389 
4 1.67E-08 0.001014 3.17E-06 0.000145 1.37E-06 0.242912 0.007272 0.025707 0.000522 943.4214 3.16483 
5 2.63E-08 0.001024 4.58E-06 0.00011 1.29E-06 0.206189 0.005487 0.022756 0.001044 944.7396 4.297902 
6 3.51E-08 0.001021 3.46E-06 0.000113 8.98E-07 0.193526 0.00435 0.021899 0.00092 946.7143 2.994123 
7 1.66E-08 0.001056 4.39E-06 0.000151 1.67E-06 0.218064 0.007726 0.017758 0.001256 903.9272 3.93444 
8 7.43E-09 0.001092 7.36E-06 0.000232 3.93E-06 0.237112 0.009425 0.030244 0.001552 852.572 6.284159 
9 7.98E-09 0.001119 8.09E-06 0.000204 3.32E-06 0.178962 0.008197 0.019038 0.001047 839.4118 6.392031 
10 3.84E-09 0.001209 1.1E-05 0.000272 6.86E-06 0.165313 0.012857 0.022358 0.001846 760.1089 8.267078 
11 2.12E-09 0.001224 1.48E-05 0.000407 9.75E-06 0.239737 0.024935 0.006821 0.000809 717.7695 9.681656 
12 1.77E-09 0.001267 1.55E-05 0.000409 1.58E-05 0.303817 0.033613 0.004774 0.000541 692.9386 10.34795 
13 1.5E-09 0.0013 1.7E-05 0.000579 1.15E-05 0.541016 0.038357 0.02371 0.002798 636.1358 10.29157 
 
Step Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 888.0277 9.855409 5006.332 211.1211 1.663235 2036.353 29.47641 1 0.438017 0.230574 0.00384 0.00226 
2 931.2017 6.353503 6497.209 89.97785 6.132463 2112.642 20.77091 1 0.544511 0.2789 0.003761 0.00219 
3 955.5484 4.7074 6380.074 81.01943 8.314365 2143.77 17.42552 1 0.499796 0.255915 0.003413 0.001983 
APPENDICES 
214 
 
4 986.0142 3.081133 6911.6 65.39405 11.27861 2188.074 11.45168 1 0.511693 0.262086 0.00327 0.001897 
5 976.7953 4.366118 9097.674 106.694 17.89268 2189.844 15.05397 1 0.434335 0.222384 0.002895 0.001684 
6 979.7614 3.324185 8851.55 70.32494 23.8389 2192.491 12.17101 1 0.407662 0.208646 0.002786 0.00162 
7 946.5418 3.928705 6631.521 73.26677 11.68158 2134.24 14.54756 1 0.459351 0.235437 0.002259 0.00132 
8 916.0474 6.179643 4308.675 72.9978 5.398564 2061.743 20.03126 1 0.499475 0.256161 0.003847 0.00224 
9 893.9191 6.46391 4896.386 79.59749 5.940859 2042.687 21.06863 1 0.376982 0.193529 0.002422 0.001411 
10 827.3187 7.548853 3675.124 92.632 3.085651 1923.376 27.12503 0 0.348231 0.180104 0.002844 0.001666 
11 817.0395 9.911869 2457.29 58.85239 1.724537 1856.288 31.24635 0 0.505006 0.263506 0.000868 0.000514 
12 789.3064 9.68613 2445.373 94.6282 1.493224 1815.748 35.05306 0 0.639989 0.33481 0.000607 0.000359 
13 769.1789 10.05785 1726.102 34.31624 1.298034 1719.43 35.09382 0 1.139647 0.588296 0.003016 0.001785 
 
Sample UW101-SO31-G1, Dinaledi Chamber floor, mudstone fragment 
J-value: 0.002500 +/- 0.000005 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 2.98E-10 0.005826 0.000113 0.0009 5.69E-05 0.063137 0.01609 0.014278 0.003768 125.5126 4.54089 
2 7.34E-09 0.004298 1.56E-05 0.000154 2.38E-06 0.082367 0.001793 0.023015 0.000891 221.9367 0.912215 
3 8.08E-08 0.001319 2.89E-06 1.42E-05 3.32E-07 0.053088 0.000759 0.017863 0.00041 754.8796 1.64212 
4 1.13E-07 0.001133 2.7E-06 2.85E-06 2.3E-07 0.026621 0.000552 0.012095 0.000363 881.8201 2.080175 
5 5.46E-08 0.001269 2.52E-06 1.76E-06 4.6E-07 0.0159 0.000725 0.011984 0.000444 787.4217 1.660564 
6 4.11E-08 0.001328 3.71E-06 2.64E-06 8.12E-07 0.020399 0.000703 0.012499 0.000578 752.4429 2.207565 
7 1.94E-08 0.001364 4.98E-06 6.28E-06 1.09E-06 0.036881 0.002035 0.014634 0.000806 731.6395 2.561968 
8 9.12E-09 0.001423 6.76E-06 9.4E-06 1.85E-06 0.020048 0.003043 0.018651 0.001643 700.5729 3.220227 
9 2.98E-09 0.001731 1.17E-05 1.56E-05 3.14E-05 0.055276 0.006948 0.029466 0.004223 574.8742 4.254402 
 
Step Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95%  
Incl(1/0) 
 Ca/K ± 1SE  Cl/K ± 1SE 
1 171.6572 3.329645 1110.639 70.24636 0.396149 491.7793 32.52517 0 0.132998 0.064522 0.001816 0.000979 
APPENDICES 
215 
 
2 232.6621 0.846549 6476.539 99.82222 7.211453 795.3518 6.093377 0 0.173507 0.071724 0.002928 0.00138 
3 758.1039 1.659048 70198.53 1634.05 24.37086 1910.646 10.15947 1 0.111829 0.046192 0.002272 0.001069 
4 882.5713 2.105718 350767 28325.1 29.33317 2098.57 10.17783 1 0.056077 0.023178 0.001539 0.000724 
5 787.8363 1.5625 567215.8 147851.3 15.83922 1960.721 9.332861 1 0.033493 0.01391 0.001524 0.000718 
6 753.0366 2.10238 378662.3 116452 12.46019 1906.839 10.70944 1 0.042971 0.0178 0.00159 0.000751 
7 733.0141 2.67722 159206.1 27655.67 6.045457 1874.013 11.12995 1 0.07769 0.032356 0.001861 0.00088 
8 702.5454 3.335215 106339.6 20870.47 2.968402 1823.85 13.24419 1 0.042231 0.018574 0.002372 0.001134 
9 577.5559 3.90192 64300.37 129934 1.177723 1605.305 17.12394 0 0.116439 0.050246 0.003748 0.001841 
 
Sample UW101-SO31-G2, Dinaledi Chamber floor, mudstone fragment 
J-value: 0.002500 +/- 0.000006 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 2.12E-08 0.002306 7.16E-06 7.14E-05 7.79E-07 8.79E-17 2.12E-18 0.026278 0.00065 424.4222 1.294576 
2 6.22E-08 0.001033 3.52E-06 1.71E-05 4.58E-07 4.47E-17 1.88E-18 0.017998 0.000679 963.5427 3.330186 
3 3.7E-08 0.001176 3.1E-06 1.57E-05 6.02E-07 2.73E-17 1.14E-18 0.015033 0.000582 846.511 2.091947 
4 2.13E-08 0.001262 4.95E-06 4E-06 1.48E-06 1.3E-17 1.29E-18 0.012715 0.001084 791.4809 3.059147 
5 1.39E-08 0.001304 5.3E-06 1.86E-05 1.33E-06 1.04E-17 2.46E-18 0.012148 0.001137 762.3222 3.17042 
6 4.97E-09 0.00135 9.48E-06 3.37E-05 8.16E-06 1.73E-17 7.89E-18 0.017373 0.004152 733.4665 5.01896 
7 2.47E-09 0.00143 1.17E-05 2.29E-05 1.31E-05 1.87E-17 1.31E-17 0.015631 0.006416 694.451 6.22445 
8 6.8E-10 0.00156 2.66E-05 -0.00014 2.16E-05 0 0 0.041155 0.03257 667.8295 11.80199 
9 5.88E-10 0.001564 2.86E-05 -0.00017 2.89E-05 0 0 0 0 671.7447 12.90457 
10 5.98E-10 0.001651 3.23E-05 -0.00015 2.57E-05 0 0 0.042314 0.031198 633.7877 12.30446 
11 4.44E-10 0.001956 5.1E-05 -0.0002 5.63E-05 0 0 0.064259 0.028196 541.188 15.3809 
 
Step 
Nr. 
40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95%  Incl 
(1/0) 
 Ca/K ± 1SE  Cl/K ± 1SE 
1 433.6661 1.346699 14006.51 152.8982 22.59773 1303.247 7.764431 0 1.85E-16 2.17E-17 0.003343 0.000492 
APPENDICES 
216 
 
2 968.486 3.302932 58493.84 1567.646 29.64192 2209.956 12.67143 1 9.42E-17 1.15E-17 0.002289 0.000343 
3 850.4974 2.244223 63698.14 2441.069 20.05113 2048.245 10.00845 1 5.75E-17 7.03E-18 0.001912 0.000287 
4 792.4284 3.107192 249707.5 92545.31 12.38823 1966.88 12.89834 1 2.74E-17 4.15E-18 0.001617 0.000272 
5 766.5852 3.114236 53687.52 3819.773 8.37898 1922.231 11.79359 1 2.18E-17 5.75E-18 0.001545 0.000267 
6 740.9123 5.202595 29708.84 7205.17 3.096849 1876.929 17.37342 1 3.65E-17 1.71E-17 0.00221 0.000618 
7 699.2392 5.700629 43600.11 24984.88 1.630235 1813.808 21.65041 0 3.94E-17 2.79E-17 0.001988 0.000866 
8 641.0694 10.9432 -7152.33 1106.811 0.489177 1769.433 39.6374 0 0 0 0.005235 0.004212 
9 639.547 11.68914 -5930.33 1017.921 0.424644 1776.028 42.08879 0 0 0 0 0 
10 605.7898 11.83843 -6459.93 1073.156 0.455432 1711.05 43.03426 0 0 0 0.005382 0.004044 
11 511.3514 13.34214 -5116.82 1475.017 0.401152 1541.944 60.5719 0 0 0 0.008174 0.003777 
 
Sample UW101-SO31-G2-1, Dinaledi Chamber floor, mudstone fragment 
J-value: 0.002501 +/- 0.000006 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 3.57E-09 0.005421 2.24E-05 0.000535 6.72E-06 0.217943 0.003308 0.029595 0.000903 155.0122 0.905919 
2 2.15E-08 0.002452 6.41E-06 0.00018 1.19E-06 0.182319 0.002061 0.022906 0.000375 386.0181 1.143547 
3 8.62E-08 0.001058 2.01E-06 6.63E-05 5.33E-07 0.081053 0.000887 0.016239 0.000319 926.2056 1.691633 
4 3.86E-08 0.001277 3.02E-06 6.28E-05 7.63E-07 0.047921 0.001164 0.013946 0.000357 768.2198 1.855122 
5 3.67E-08 0.001332 4.67E-06 2.76E-05 6.7E-07 0.030165 0.001094 0.013266 0.0005 744.6281 2.539616 
6 3.63E-08 0.001345 3.24E-06 1.3E-05 5.25E-07 0.0246 0.001046 0.013946 0.000421 740.8146 1.635995 
7 2.96E-08 0.001389 4.73E-06 1.65E-05 7E-07 0.03949 0.001444 0.015315 0.000679 716.4562 2.351264 
8 9.34E-09 0.001525 6.13E-06 3.19E-05 1.55E-06 0.06644 0.00321 0.025241 0.001263 649.5575 2.652316 
9 2E-09 0.001633 1.66E-05 6.9E-05 1.07E-05 0.122726 0.009526 0.024683 0.004089 599.6966 6.603855 
10 1.27E-09 0.001693 1.98E-05 0.000122 1.84E-05 0.183693 0.020217 0.043012 0.005744 569.0714 7.335686 
11 1.2E-09 0.001797 2.6E-05 0.000168 1.52E-05 0.282928 0.016939 0.055233 0.005588 528.4907 8.813732 
12 1.67E-09 0.001786 2.27E-05 0.00013 1.15E-05 0.197934 0.015357 0.050244 0.007114 538.2375 7.457291 
 
APPENDICES 
217 
 
Step Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 184.4552 0.763102 1870.429 23.52275 5.139089 590.3973 6.597274 0 0.459096 0.198631 0.003765 0.001854 
2 407.8986 1.067178 5565.779 36.99092 13.98605 1217.63 7.618699 0 0.384054 0.166118 0.002914 0.001433 
3 944.9034 1.797204 15087.93 121.353 24.25174 2160.414 10.47333 1 0.170738 0.073849 0.002066 0.001016 
4 782.8959 1.852378 15926.73 193.4328 13.12125 1931.813 10.10321 1 0.100946 0.043717 0.001774 0.000873 
5 750.8234 2.632033 36183.69 877.5474 12.99485 1895.044 11.71008 1 0.063542 0.027571 0.001687 0.000832 
6 743.6979 1.790925 77009.35 3112.66 12.98619 1889.03 9.922919 1 0.05182 0.022515 0.001774 0.000874 
7 720.0114 2.450805 60466.62 2560.354 10.93018 1850.131 11.20857 1 0.083185 0.036097 0.001948 0.000962 
8 655.7952 2.637164 31388.72 1531.93 3.785019 1738.766 12.27232 0 0.139956 0.060892 0.003211 0.001587 
9 612.3076 6.223282 14496.18 2239.535 0.867943 1651.043 24.73263 0 0.258522 0.113569 0.00314 0.001629 
10 590.5574 6.921824 8206.151 1239.514 0.572949 1594.967 28.8818 0 0.386948 0.172647 0.005471 0.002787 
11 556.4391 8.046113 5944.203 536.2149 0.571726 1517.867 33.91163 0 0.595985 0.260157 0.007026 0.003526 
12 559.8883 7.121643 7720.73 685.9711 0.793009 1536.688 29.03922 0 0.416946 0.183163 0.006391 0.00327 
 
Sample UW101-SO31-G2-2, Dinaledi Chamber floor, mudstone fragment 
J-value: 0.002501 +/- 0.000006 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 1.13E-09 0.008664 5.46E-05 0.000543 1.79E-05 0.191545 0.006143 0.031359 0.00173 96.70674 0.996519 
2 1.45E-08 0.003854 1.07E-05 0.000182 2.83E-06 0.188873 0.003106 0.028333 0.000794 245.3918 0.774419 
3 6.08E-08 0.001348 3.17E-06 2.23E-05 5.1E-07 0.097239 0.001505 0.023328 0.000704 736.9893 1.766222 
4 4.34E-08 0.001222 3.46E-06 3.88E-06 8.65E-07 0.045243 0.001394 0.014299 0.000839 817.69 2.423274 
5 3.64E-08 0.001293 3.39E-06 5.41E-06 9E-07 0.030349 0.001307 0.013245 0.000806 772.3689 2.067564 
6 4.43E-08 0.001311 2.3E-06 7.59E-05 7.34E-07 0.024002 0.000971 0.012099 0.00031 745.3691 1.366177 
7 3E-08 0.001275 3.4E-06 0.00018 2.13E-06 0.018232 0.002027 0.013251 0.000501 742.0516 2.151122 
8 2.93E-08 0.00121 2.34E-06 0.000346 1.77E-06 0.019565 0.002135 0.010323 0.000314 740.9144 1.654138 
9 3.75E-08 0.001156 3.49E-06 0.000548 1.2E-06 0.021018 0.002042 0.014116 0.000263 723.5494 2.687636 
APPENDICES 
218 
 
10 2.95E-08 0.001106 3.26E-06 0.000832 2.56E-06 0.048073 0.002891 0.019566 0.000246 679.5761 2.922072 
11 1.33E-08 0.001029 3.72E-06 0.001452 5.91E-06 0.108443 0.006342 0.023982 0.000327 550.8355 3.853443 
12 6.78E-09 0.00089 7.17E-06 0.001911 7.81E-06 0.285962 0.01579 0.082903 0.001602 482.8381 10.92527 
 
Step Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 115.4144 0.727052 1841.924 60.71281 2.054648 390.2855 7.17699 0 0.403488 0.178753 0.003989 0.002015 
2 259.4527 0.720911 5509.047 85.9977 11.76846 862.2415 5.875881 0 0.397861 0.175919 0.003604 0.001813 
3 741.931 1.746054 44824.57 1025.078 17.22656 1882.82 10.01602 1 0.204833 0.090562 0.002967 0.001493 
4 818.6372 2.319253 258032.6 57614.63 11.14453 2006.399 10.56795 1 0.095305 0.042213 0.001819 0.00092 
5 773.6178 2.027482 184947.2 30797.46 9.875877 1938.044 10.3959 1 0.063931 0.028382 0.001685 0.000852 
6 762.659 1.339137 13169.58 127.3794 12.19949 1896.054 8.834739 1 0.05056 0.022434 0.001539 0.000774 
7 784.0717 2.088292 5570.964 66.18263 8.029338 1890.826 9.847616 1 0.038406 0.017499 0.001686 0.000849 
8 826.2961 1.60089 2889.366 14.76364 7.459301 1889.031 10.04504 1 0.041215 0.018758 0.001313 0.000661 
9 864.9452 2.609422 1826.35 4.00833 9.100647 1861.39 11.37792 1 0.044274 0.02003 0.001796 0.000902 
10 904.3059 2.667241 1201.396 3.699286 6.84123 1789.438 12.78164 1 0.101266 0.045157 0.002489 0.00125 
11 972.2263 3.513866 688.8329 2.805146 2.865185 1560.588 16.07331 0 0.228435 0.101816 0.003051 0.001533 
12 1124.01 9.059846 523.3923 2.138255 1.267749 1426.864 44.95898 0 0.602377 0.268235 0.010545 0.0053 
 
Sample UW101-SO34-G1-2, Dinaledi Chamber floor, mudstone fragment 
J-value used: 0.002501 +/- 0.000006 
Step Nr. cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 3.45E-08 0.002192 4.45E-06 5.18E-05 8.17E-07 0.078134 0.001216 0.020669 0.000466 449.1711 0.943551 
2 7.62E-08 0.001175 2.1E-06 8.57E-06 3.23E-07 0.043633 0.000732 0.014581 0.000452 848.8405 1.483909 
3 3.83E-08 0.001228 2.6E-06 5.8E-07 7.57E-05 0.022051 0.001432 0.01254 0.000606 814.0799 1.665922 
4 5.79E-08 0.001282 1.96E-06 1.32E-06 8.09E-07 0.016624 0.000555 0.012054 0.00041 779.7677 1.314125 
5 1.7E-09 0.001371 1.32E-05 6.07E-06 0.000233 5.47E-05 0.007765 0.007109 0.007212 728.0306 6.958495 
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6 2.59E-09 0.001429 1.57E-05 4.8E-07 1.06E-06 0.003683 0.012644 0.028687 0.004082 699.67 7.369264 
7 6.03E-09 0.001431 8.1E-06 1.36E-05 1.62E-06 0.034395 0.00368 0.018243 0.002637 696.153 3.995814 
8 3.06E-09 0.001557 1.3E-05 9.33E-06 1.84E-05 0.054362 0.00705 0.026152 0.004267 640.4433 5.182254 
9 5.88E-10 0.001815 3.89E-05 4.7E-05 9.1E-05 0.044891 0.032784 0.036299 0.016152 543.1101 12.15368 
10 1.71E-10 0.002362 6.19E-05 0.000227 0.000569 0.32354 0.085373 0 0 394.6506 15.18738 
11 7.84E-11 0.00337 0.000182 0.00028 0.00124 0.299199 0.122397 0.07257 0.05756 271.8717 21.15395 
 
Step Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 456.2304 0.925889 19295.55 304.2561 24.56883 1357.131 7.199186 0 0.164588 0.028489 0.002629 0.000542 
2 851.0185 1.5177 116655.7 4389.964 29.09941 2052.36 9.617813 1 0.091912 0.01592 0.001855 0.000385 
3 814.221 1.724901 1723716 2.25E+08 15.31231 2001.48 10.01523 1 0.046449 0.008557 0.001595 0.000336 
4 780.0758 1.194309 756005.9 462309.8 24.14021 1949.807 9.326868 1 0.035019 0.006149 0.001533 0.000319 
5 729.3524 7.00014 164740 6317374 0.758062 1868.978 22.62082 0 0.000115 0.016356 0.000904 0.000936 
6 699.7703 7.689988 2081495 4594679 1.204866 1823.083 24.56653 0 0.007758 0.026668 0.003649 0.000911 
7 698.9994 3.956407 73317.47 8734.396 2.802483 1817.309 15.26178 0 0.072452 0.0147 0.002321 0.000582 
8 642.2316 5.349908 107219.2 212089 1.549737 1723.293 18.75005 0 0.114513 0.024703 0.003327 0.000872 
9 550.8444 11.80254 21263.66 41126.25 0.347024 1546.256 47.27993 0 0.094562 0.070958 0.004617 0.002262 
10 423.3798 11.09246 4399.853 11017.38 0.131206 1237.516 66.42887 0 0.681536 0.214815 0 0 
11 296.6946 15.99468 3568.526 15790.24 0.085864 934.9718 114.7764 0 0.630262 0.279788 0.009231 0.007562 
 
Sample UW101-SO34-G1-3, Dinaledi Chamber floor, mudstone fragment 
J-value: 0.002501 +/- 0.000006 
Step Nr. cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 1.09E-08 0.002203 6.85E-06 5.24E-05 2.15E-06 0.107416 0.003179 0.025767 0.00113 446.7334 1.400507 
2 3.54E-08 0.001848 7.22E-06 3.47E-05 6.17E-07 0.098712 0.002653 0.026359 0.001459 535.4582 2.211464 
3 3.29E-08 0.001096 4.82E-06 1.24E-05 8.16E-07 0.068133 0.002997 0.01899 0.001166 909.3416 4.072014 
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4 2.04E-08 0.001201 4.49E-06 1.6E-06 0.000232 0.052197 0.002311 0.015943 0.001581 832.2835 2.793961 
5 1.41E-08 0.001299 5.18E-06 1.06E-05 1.91E-06 0.048303 0.004128 0.018612 0.001408 767.3025 3.120953 
6 1.33E-08 0.001331 6.14E-06 1.4E-05 2.2E-06 0.036302 0.003748 0.016818 0.001411 748.0698 3.503171 
7 7.74E-09 0.001375 6.17E-06 7.25E-06 3.75E-06 0.037137 0.003038 0.01639 0.001519 725.9125 3.138047 
8 2.95E-09 0.001466 1.08E-05 3.15E-05 7.19E-06 0.070986 0.013054 0.028138 0.003682 675.6027 5.385899 
9 3.57E-09 0.001517 1.18E-05 2.57E-05 6.85E-06 0.063402 0.01032 0.019874 0.005236 654.0635 5.258339 
10 7.32E-10 0.001852 2.76E-05 0.000109 1.84E-05 0.363747 0.040093 0.006858 0.005679 522.3027 8.305271 
11 2.79E-10 0.002025 5.55E-05 0.000858 7.01E-05 0.152151 0.102249 0.010872 0.002778 367.2663 16.72667 
 
Step 
Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 Incl 
(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 453.8381 1.410311 19071.54 782.2454 11.4959 1351.975 8.808431 0 0.226271 0.049131 0.003278 0.000835 
2 541.0596 2.113322 28838.85 513.339 31.16401 1531.6 10.79866 0 0.207935 0.045076 0.003353 0.000862 
3 912.7277 4.017067 80477.46 5286.368 17.18591 2137.663 14.26584 1 0.143523 0.031512 0.002416 0.000624 
4 832.6821 3.11617 623701.7 90208782 11.66195 2028.337 11.99804 1 0.109952 0.024147 0.002028 0.000547 
5 769.7274 3.068409 94770.59 17134.76 8.725551 1930.694 12.4559 1 0.101751 0.023551 0.002367 0.000621 
6 751.2022 3.464242 71599.59 11277.42 8.417836 1900.749 12.98761 1 0.076469 0.018246 0.002139 0.000566 
7 727.4882 3.2671 137840.8 71292.8 5.067401 1865.623 13.10188 1 0.078228 0.018003 0.002085 0.000558 
8 682.0129 5.04003 31765.34 7252.196 2.062359 1783.228 19.14027 1 0.149531 0.042317 0.003579 0.001013 
9 659.1275 5.117527 38860.3 10337.31 2.580007 1746.766 19.27172 1 0.133556 0.036027 0.002528 0.00092 
10 539.8559 8.048572 9182.333 1555.13 0.646454 1506.07 32.96267 0 0.766231 0.185199 0.000872 0.000755 
11 493.7108 13.52698 1165.747 95.25192 0.268917 1174.325 80.25941 0 0.320505 0.226151 0.001383 0.000495 
 
Sample UW101-SO39-G1-1, Dinaledi Chamber floor, yellow mudstone fragment 
J-value: 0.002503 +/- 0.000006 
Step 
Nr. 
cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 5.99E-11 0.00574 0.000337 0.000664 0.003423 0 0 0.053175 0.043765 139.7039 19.76552 
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2 9.22E-09 0.004172 1.17E-05 0.000322 4.46E-06 0.170922 0.001738 0.030596 0.000622 216.6102 0.736906 
3 1.74E-07 0.001252 1.35E-06 2.31E-05 2.95E-07 0.084197 0.000622 0.017298 0.000444 792.9251 0.879484 
4 8.04E-09 0.001297 7.44E-06 1.86E-05 3.1E-06 0.025679 0.00354 0.019306 0.001739 766.7387 4.471608 
5 9.29E-10 0.001298 2.11E-05 7.22E-05 1.62E-05 0.127054 0.028497 0.026972 0.011716 753.8441 13.48749 
6 2.7E-10 0.001392 6.22E-05 -3.7E-05 0.000652 0.358044 0.069171 0.049001 0.046696 726.2781 33.79751 
7 5.63E-10 0.001316 3.01E-05 1.17E-05 0.000367 0.07006 0.035746 0.02847 0.018164 757.1108 18.58241 
8 7.37E-10 0.001436 3.52E-05 1.16E-05 8.89E-05 0 0 0.00915 0.013273 693.7732 16.46644 
9 8.4E-10 0.001486 2.38E-05 3.51E-05 0.000117 0.14967 0.02468 0.021188 0.010449 665.7802 11.69288 
10 5.31E-09 0.001724 1.5E-05 6.33E-05 4.11E-06 0.311514 0.010322 0.023143 0.001624 568.9559 4.87816 
 
Step Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 174.2268 10.21576 1506.742 7771.455 0.122191 540.2855 134.7748 0 0 0 0.006764 0.006739 
2 239.6663 0.672075 3103.504 42.94804 13.68417 780.5164 5.792503 0 0.360046 0.178213 0.003892 0.002187 
3 798.4237 0.863524 43352.26 555.223 77.60036 1970.31 9.030478 1 0.177361 0.08778 0.0022 0.001237 
4 771.0225 4.421256 53737.42 8938.414 3.706548 1930.298 15.13167 1 0.054094 0.027789 0.002456 0.001396 
5 770.441 12.52979 13859.39 3103.821 0.428768 1910.264 42.86041 0 0.267638 0.145414 0.003431 0.002436 
6 718.4315 32.1013 -27336.1 487180.9 0.133507 1866.674 104.1828 0 0.754218 0.400671 0.006233 0.006894 
7 759.7745 17.36605 85158 2664832 0.263497 1915.361 61.33572 0 0.147581 0.104898 0.003621 0.003078 
8 696.1871 17.06313 86106.42 658904.9 0.376255 1813.881 53.77325 0 0 0 0.001164 0.00181 
9 672.8269 10.76869 28506.85 94914.46 0.443959 1767.143 42.07191 0 0.31528 0.164455 0.002695 0.002014 
10 579.9094 5.039083 15806.63 1026.656 3.255668 1595.441 19.08325 0 0.656202 0.32546 0.002944 0.001666 
 
Sample UW101-SO39-G1-6, Dinaledi Chamber floor, yellow mudstone fragment 
J-value: 0.002502 +/- 0.000006 
Step Nr. cc stp 
40Ar 
 39/40 
Ca+KCorr 
 sigma  36/40 
Ca+KCorr 
 sigma  37/39 
Ca+KCorr 
 sigma  38/39 
Ca+KCorr 
sigma   40/39 
rad 
 sigma 
1 3.03E-10 0.0059 7.37E-05 0.000457 5.94E-05 0.196879 0.027942 0.027937 0.007091 146.3523 3.773757 
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2 9.45E-08 0.00143 3.3E-06 4.85E-05 4.37E-07 0.144879 0.001757 0.024883 0.000691 688.9735 1.749757 
3 2.66E-08 0.001101 4.25E-06 7.16E-06 1.13E-06 0.037242 0.003439 0.012763 0.001318 906.3983 3.749122 
4 1.02E-08 0.001208 7.78E-06 -1.3E-05 1.85E-06 0.0193 0.006339 0.010987 0.004691 830.6914 5.198984 
5 2.15E-09 0.001186 1.24E-05 4.45E-05 1.94E-05 0 0 0 0 831.8848 9.506178 
6 8.8E-10 0.001166 1.51E-05 -0.00013 2.31E-05 0 0 0 0 892.0178 13.60498 
7 1.97E-10 0.000987 8.98E-05 -0.00055 9.52E-05 0 0 0 0 1177.956 89.622 
8 1.02E-09 0.001261 2.33E-05 -0.00012 2.12E-05 0.119428 0.037158 0 0 821.4484 14.42116 
9 8.69E-10 0.001658 2.76E-05 -3.3E-05 0.001085 0.172087 0.034518 0.016981 0.019736 609.0767 10.74449 
10 8.79E-10 0.001746 3.25E-05 5.81E-05 3.39E-05 0.375676 0.036819 0.017423 0.007547 562.7583 10.70663 
 
Step Nr. 40Ar/39Ar ± 1SE 40Ar/36Ar ± 1SE  %39Ar  Age Ma  +/-95% 
 
Incl(1/0)  Ca/K ± 1SE  Cl/K ± 1SE 
1 169.4811 2.116775 2187.762 284.2909 0.951015 562.2727 24.08816 0 0.414725 0.216815 0.003554 0.00222 
2 699.0947 1.61071 20622.24 185.7023 71.88683 1805.735 9.885572 1 0.305187 0.153602 0.003165 0.001809 
3 908.3403 3.506214 139648.6 22045.65 15.57881 2133.869 13.60437 1 0.078449 0.040132 0.001624 0.000942 
4 827.4724 5.329382 -76747.8 10919.53 6.547717 2026.262 17.31385 1 0.040656 0.024429 0.001398 0.000996 
5 843.0871 8.79525 22469.7 9777.292 1.35786 2028.009 27.75857 0 0 0 0 0 
6 857.6632 11.13245 -7453.55 1284.495 0.545525 2113.917 39.53745 0 0 0 0 0 
7 1012.687 92.11989 -1829.43 318.5616 0.1034 2474.276 197.7146 0 0 0 0 0 
8 792.9425 14.65578 -8304.98 1460.601 0.686105 2012.673 41.07674 0 0.251574 0.148828 0 0 
9 603.1338 10.05265 -30300.4 996141.5 0.766197 1668.376 39.04291 0 0.3625 0.196354 0.00216 0.002797 
10 572.6909 10.66598 17214.22 10044.55 0.816162 1583.672 41.65446 0 0.79136 0.405664 0.002216 0.001588 
 
Sample: UW101-SO31 Peloid 
J-value: 0.002505 ± 0.000006 
relative irradiation coordinate z: 7.7 mm 
Heating time: 5 min 
Days after irradiation: 53.6 
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Step # 1 2 3 4 5 6 7 8 9 
A laser 9.7 9.91 10.12 10.33 10.54 10.75 10.95 11.16 11.37 
40Ar M 5.82E-14 3.72E-13 5.7E-13 8.26E-13 6.31E-13 3.91E-13 1.07E-12 4.73E-13 2.4E-15 
40Ar (nA) 0.557772 3.562332 5.467577 7.919071 6.051977 3.751894 10.2833 4.533317 0.023029 
±2SE Abs 0.000199 0.000933 0.001102 0.001087 0.000812 0.002795 0.000733 0.00101 8.34E-05 
39Ar (nA) 0.001309 0.003779 0.005592 0.008691 0.00708 0.004425 0.012294 0.005369 3.59E-05 
±2SE Abs 4.64E-06 1.27E-05 1.62E-05 1.26E-05 1.51E-05 1.51E-05 1.86E-05 1.47E-05 3.38E-06 
38Ar (nA) 0.000116 0.00027 0.000205 0.000198 0.000103 6.69E-05 0.000177 4.75E-05 -1.4E-05 
±2SE Abs 3.69E-06 4.09E-06 6.87E-06 4.34E-06 5.15E-06 2.53E-06 4.45E-06 2.73E-06 2.78E-06 
37Ar(nA) 0.000218 0.000475 0.000345 0.000245 0.000148 7.66E-05 0.000222 0.000198 6.06E-06 
±2SE Abs 3.63E-06 4.81E-06 3.84E-06 4.75E-06 3.63E-06 3.27E-06 4.83E-06 6.32E-06 3.3E-06 
36Ar (nA) 0.000287 0.000639 0.000506 0.000311 7.46E-05 0.000115 8.14E-05 7.18E-06 -3.6E-05 
±2SE Abs 4.96E-06 5.7E-06 2.68E-06 4.75E-06 6.38E-06 2.82E-06 5.31E-06 3.2E-06 4.77E-06 
 39/40 
Ca+KCorr 
0.002328 0.001053 0.001015 0.001089 0.001161 0.00117 0.001187 0.001175 0.001548 
 sigma 1.63E-05 6.96E-06 5.85E-06 3.12E-06 4.77E-06 7.84E-06 3.5E-06 6.29E-06 0.00033 
 36/40 
Ca+KCorr 
0.000499 0.000174 8.96E-05 3.8E-05 1.19E-05 2.97E-05 7.65E-06 1.5E-06 -0.00152 
 sigma 1.67E-05 2.89E-06 9.26E-07 1.13E-06 2.21E-06 1.41E-06 9.87E-07 8.32E-05 0.00049 
40Ar/36Ar 2003.779 5751.846 11160.13 26322.88 83841.37 33617.8 130690.6 666852.8 -657.889 
± 2SE 66.98134 95.66626 115.3079 785.0908 15566.69 1594.618 16853.59 37018897 211.9387 
 37/39 
Ca+KCorr 
0.473209 0.357585 0.175663 0.080267 0.05935 0.049222 0.051459 0.104842 0.479745 
 sigma 0.019645 0.009303 0.004919 0.003798 0.003569 0.005135 0.002729 0.008192 0.646838 
 38/39 
Ca+KCorr 
0.047923 0.039756 0.019862 0.016015 0.012481 0.010221 0.013109 0.008546 0 
sigma 0.003698 0.001496 0.001613 0.000852 0.001513 0.000939 0.000796 0.001189 0 
  40/39 rad 365.5811 900.6455 958.9321 907.6915 858.1603 846.7892 840.8738 850.3937 938.9024 
 sigma 3.921074 6.503045 5.596669 2.678118 3.547479 5.848135 2.387225 4.739826 158.7704 
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 %39Ar 2.694095 7.780294 11.51154 17.89155 14.57594 9.10863 25.31127 11.05279 0.073896 
 Age Ma 1173.394 2130.682 2209.849 2140.439 2070.708 2054.311 2045.723 2059.525 2183.034 
± 95% 19.56561 21.91691 19.52826 14.13274 16.02636 19.66316 13.95649 16.82316 427.6577 
 Incl(1/0) 1 1 1 1 1 1 1 1 1 
 Ca/K 0.996813 0.753252 0.370034 0.169082 0.12502 0.103685 0.108398 0.22085 1.010579 
± 2SE 0.410868 0.309519 0.152099 0.069798 0.051817 0.043874 0.044823 0.092196 1.424191 
 Cl/K 0.006096 0.005057 0.002526 0.002037 0.001588 0.0013 0.001667 0.001087 0 
± 2SE 0.002884 0.002368 0.001197 0.000957 0.000766 0.000618 0.000785 0.000529 0 
 
Sample: UW101-SO34 Peloid    
J-value: 0.002506 ± 0.000006  
relative irradiation coordinate z: 8.4 mm     
Heating time: 5 min 
Days after irradiation: 39.6 
     
Step # 1 2 3 4 5 6 7 8 9 10 11 
A laser 9.6 9.82 10.04 10.25 10.47 10.69 10.9 11.12 11.34 11.56 11.78 
40Ar M 3.77E-14 1.39E-12 1.97E-12 1.32E-12 7.18E-13 8.22E-13 2.52E-13 1.04E-13 3.7E-14 1.19E-14 1.51E-14 
40Ar (nA) 0.358899 13.23499 18.76633 12.55991 6.838052 7.830806 2.397928 0.992346 0.352684 0.113338 0.143675 
±2SE Abs 0.000152 0.000796 0.003932 0.000732 0.004159 0.001095 0.000241 0.000326 0.00013 0.000466 0.000158 
39Ar (nA) 0.001785 0.020995 0.020091 0.014693 0.008343 0.009726 0.003057 0.001282 0.000421 0.000127 0.000193 
±2SE Abs 8.05E-06 1.44E-05 1.91E-05 2.11E-05 1.95E-05 3.81E-05 1.07E-05 7.19E-06 4.91E-06 3.31E-06 4.4E-06 
38Ar (nA) 8.51E-05 0.000618 0.00035 0.000212 0.000148 0.000173 6.57E-05 3.24E-05 4.89E-05 3.38E-06 2.3E-06 
±2SE Abs 3.94E-06 7.51E-06 4.44E-06 4.72E-06 4.94E-06 2.41E-06 2.69E-06 3.63E-06 3.24E-06 2.34E-06 4.85E-06 
37Ar(nA) 0.000176 0.001197 0.000558 0.000283 8.86E-05 0.000161 0.00015 0.000263 0.000518 5.7E-05 1.75E-05 
±2SE Abs 5.1E-06 7.78E-06 4.68E-06 3.42E-06 4.59E-06 6.34E-06 4.29E-06 3.99E-06 4.94E-06 4.24E-06 3.36E-06 
36Ar (nA) 0.000236 0.00079 0.000312 0.000198 4.24E-05 6.79E-05 2.57E-05 3.03E-05 0.000155 -3.2E-05 -1.2E-05 
±2SE Abs 4.09E-06 5.9E-06 5.43E-06 3.72E-06 5.53E-06 4.74E-06 4.33E-06 3.27E-06 4.6E-06 3.83E-06 4.26E-06 
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 39/40 
Ca+KCorr 
0.004937 0.001574 0.001063 0.001161 0.001211 0.001233 0.001265 0.001282 0.001181 0.001107 0.001334 
 sigma 4.72E-05 2.18E-06 2E-06 3.1E-06 5.65E-06 1.01E-05 8.95E-06 1.38E-05 2.64E-05 6.56E-05 6.46E-05 
 36/40 
Ca+KCorr 
0.000638 5.78E-05 1.61E-05 1.53E-05 6E-06 8.38E-06 1.03E-05 2.94E-05 0.000424 -0.00028 -8.1E-05 
 sigma 2E-05 8.19E-07 5.25E-07 5.37E-07 2.29E-06 1.14E-06 1.41E-05 7.85E-06 2.39E-05 7.64E-05 0.001652 
40Ar/36Ar 1567.171 17298.57 62057.78 65364.85 166650.5 119266.5 96809.5 33964.78 2359.084 -3613.29 -12278.1 
± 2SE 49.1082 245.0158 2021.684 2292.604 63630.22 16283.87 132060.4 9057.377 133.0271 998.0843 249062.6 
 37/39 
Ca+KCorr 
0.212872 0.123001 0.059934 0.041596 0.022918 0.035708 0.105606 0.443388 2.658873 0.972871 0.195448 
 sigma 0.015207 0.001961 0.001232 0.001234 0.002896 0.003447 0.007439 0.017446 0.097737 0.18703 0.092087 
 38/39 
Ca+KCorr 
0.023048 0.022306 0.014438 0.011817 0.016678 0.016414 0.019797 0.020755 0.048222 0.073504 0.023315 
sigma 0.002591 0.000657 0.000444 0.000638 0.001349 0.000574 0.001964 0.005631 0.007851 0.122981 0.118801 
  40/39 rad 163.9779 624.2311 936.6303 857.3532 824.2973 809.2192 787.8627 773.2822 739.2729 977.7663 767.9736 
 sigma 2.266776 0.869839 1.798623 2.502909 3.891813 6.486671 5.230954 8.566963 20.63745 48.70336 33.98983 
 %39Ar 2.166271 25.70496 24.93814 18.32375 10.40425 12.12812 3.812473 1.598689 0.524754 0.15775 0.240849 
 Age Ma 621.3346 1699.63 2180.479 2070.047 2021.927 1999.544 1967.358 1945.05 1891.918 2235.224 1936.859 
± 95% 14.80976 9.725149 12.88059 13.04571 15.40292 22.96044 18.79607 27.69661 66.654 130.6983 107.518 
 Incl(1/0) 1 1 1 1 1 1 1 1 1 1 1 
 Ca/K 0.448414 0.259101 0.12625 0.087621 0.048276 0.075219 0.222458 0.933994 5.600901 2.049347 0.411709 
± 2SE 0.199583 0.113902 0.055524 0.038581 0.022068 0.033833 0.098978 0.41196 2.46916 0.982739 0.265222 
 Cl/K 0.002932 0.002837 0.001837 0.001503 0.002121 0.002088 0.002518 0.00264 0.006134 0.00935 0.002966 
± 2SE 0.001501 0.001419 0.000919 0.000755 0.001073 0.001045 0.001282 0.0015 0.003222 0.016325 0.015184 
  
Sample: UW101-SO39 Peloid    
J-value: 0.002507 ± 0.000006    
relative irradiation coordinate z: 9.1 mm     
Heating time: 5 min  
Days after irradiation: 39.8  
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Step # 1 2 3 4 5 6 7 8 9 10 11 12 
A laser 9.6 9.82 10.04 10.25 10.47 10.96 10.91 11.13 11.45 11.75 12.1 12.5 
40Ar M 3.55E-15 1.06E-12 1.67E-12 7.1E-13 8.34E-13 1.13E-12 5.57E-13 9.4E-13 2.95E-13 6.6E-14 4.07E-14 9.05E-15 
40Ar (nA) 0.0336 10.04008 15.85572 6.726041 7.898764 10.6732 5.274847 8.897041 2.790886 0.625299 0.385499 0.085699 
±2SE Abs 6.39E-05 0.000996 0.006031 0.000516 0.000792 0.000966 0.000845 0.001316 0.000993 0.000176 0.000156 7.63E-05 
39Ar (nA) 0.000284 0.020845 0.017021 0.008303 0.010242 0.014077 0.006975 0.012248 0.004276 0.001022 0.000623 0.000135 
±2SE Abs 4.18E-06 3.09E-05 2E-05 2.24E-05 1.65E-05 2.38E-05 1.69E-05 1.99E-05 1.01E-05 8.3E-06 5.23E-06 2.55E-06 
38Ar (nA) 7.74E-06 0.000615 0.000349 0.000116 0.000154 0.000179 9.75E-05 0.000227 0.00012 5.08E-05 5.92E-05 1.75E-05 
±2SE Abs 2.64E-06 7.72E-06 7.5E-06 2.48E-06 6.75E-06 4.73E-06 3.03E-06 4.86E-06 3.5E-06 2.55E-06 2.15E-06 3.69E-06 
37Ar(nA) 9.32E-06 0.001732 0.000679 0.000204 0.000233 0.000298 0.00015 0.000261 0.000177 0.000102 8.49E-05 4.99E-05 
±2SE Abs 3.45E-06 6.49E-06 5.68E-06 3.13E-06 4.73E-06 4.31E-06 4.7E-06 4.31E-06 3.66E-06 2.7E-06 3.72E-06 2.63E-06 
36Ar (nA) 1.15E-05 0.000864 0.000325 8.58E-05 6.33E-05 6.52E-05 3.98E-05 0.000133 9.09E-05 5.38E-05 8.03E-05 7.8E-06 
±2SE Abs 3.82E-06 9.35E-06 6.11E-06 3.15E-06 4.97E-06 3.22E-06 3.4E-06 5.91E-06 3.81E-06 3.29E-06 4.23E-06 2.91E-06 
 39/40 
Ca+KCorr 
0.008383 0.00206 0.001065 0.001225 0.001287 0.001309 0.001312 0.001366 0.001521 0.001621 0.001604 0.001562 
 sigma 0.00026 5.88E-06 2.65E-06 6.28E-06 4.1E-06 4.39E-06 6.38E-06 4.39E-06 6.87E-06 2.61E-05 2.61E-05 5.92E-05 
 36/40 
Ca+KCorr 
0.000333 8.33E-05 1.98E-05 1.23E-05 7.74E-06 5.9E-06 7.29E-06 1.44E-05 3.15E-05 8.33E-05 0.000202 8.79E-05 
 sigma 0.00257 1.66E-06 7.2E-07 8.85E-07 1.27E-06 5.75E-07 1.39E-06 1.25E-06 2.46E-06 1.03E-05 2.16E-05 0.001267 
40Ar/36Ar 3002.426 12007.64 50393.04 81040.79 129138.7 169374.5 137242.8 69277.41 31714.88 12004.66 4957.565 11376.25 
± 2SE 23167.92 239.8055 1827.474 5810.31 21114.93 16488.84 26208.19 5990.249 2472.516 1484.46 531.0708 163931.1 
 37/39 
Ca+KCorr 
0.071091 0.17988 0.086333 0.053155 0.049238 0.045802 0.04666 0.046112 0.089826 0.215581 0.294857 0.801476 
 sigma 0.064172 0.001768 0.001779 0.002017 0.002446 0.001628 0.003564 0.001867 0.004552 0.01458 0.032054 0.109463 
 38/39 
Ca+KCorr 
0.0196 0.021706 0.016844 0.012016 0.013789 0.0118 0.012828 0.016375 0.024023 0.039675 0.070673 0.1181 
sigma 0.016201 0.000663 0.000877 0.000624 0.001463 0.000753 0.000967 0.000852 0.001697 0.004889 0.006371 0.060576 
  40/39 rad 107.4214 473.2787 933.0426 813.1843 775.2675 762.5754 760.3602 728.7493 651.476 601.4268 585.7757 623.3582 
 sigma 8.78946 1.418323 2.365509 4.228077 2.553103 2.400416 3.710876 2.402713 3.305414 10.32881 11.33171 25.81202 
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 %39Ar 0.295606 21.71682 17.76017 8.663829 10.68677 14.62153 7.244109 12.72134 4.44114 1.061132 0.647365 0.140189 
 Age Ma 430.3697 1411.842 2175.972 2005.79 1948.431 1928.817 1925.371 1875.476 1747.362 1659.251 1630.791 1698.392 
± 95% 60.50528 9.010506 13.62593 16.92874 12.98485 12.68111 15.33708 13.03052 14.32286 37.45054 41.85479 88.57997 
 Incl(1/0) 1 1 1 1 1 1 1 1 1 1 1 1 
 Ca/K 0.149753 0.378916 0.18186 0.11197 0.103719 0.096482 0.09829 0.097135 0.189218 0.45412 0.621115 1.688305 
± 2SE 0.150954 0.170036 0.081675 0.050413 0.046817 0.043421 0.044731 0.043755 0.08543 0.206036 0.286718 0.791754 
 Cl/K 0.002493 0.002761 0.002143 0.001529 0.001754 0.001501 0.001632 0.002083 0.003056 0.005047 0.00899 0.015023 
± 2SE 0.002421 0.00141 0.001098 0.000783 0.000913 0.000771 0.000841 0.001067 0.001573 0.002647 0.004654 0.010864 
 
Sample: MMN-51_peloid_27_1 
J-value used: 0.007504 +/- 0.000014 
Days after irradiation: 85.36 
 
Step # 1 2 3 4 5 6 7 8 9 10 
40Ar nA 0.103573 0.788544 0.635777 1.705785 3.865148 3.40899 1.946212 0.387518 0.17318 0.05142 
 2SE 4.98E-05 0.000645 0.00039 0.000521 0.002479 0.001441 0.000943 0.000189 0.000117 6.1E-05 
 39Ar nA 0.000213 0.004565 0.002462 0.005507 0.012993 0.011911 0.006964 0.001514 0.000657 0.000201 
 2SE 2.54E-06 7.07E-06 8.85E-06 9.45E-06 2.02E-05 1.5E-05 1.32E-05 5.49E-06 5.16E-06 1.77E-06 
 38Ar nA 9.02E-05 0.000879 0.000134 0.000135 0.000184 0.000146 0.000113 2.08E-05 1.58E-05 9.7E-06 
 2SE 2.32E-06 5.87E-06 2.3E-06 3.06E-06 3.36E-06 2.14E-06 3.75E-06 2.8E-06 1.29E-06 1.58E-06 
 37Ar nA 2.75E-05 0.000586 0.00022 0.00021 0.000108 7.88E-05 4.02E-05 1.32E-05 1.08E-05 4.68E-05 
 2SE 2.11E-06 4.32E-06 2.27E-06 2.82E-06 2.12E-06 2.12E-06 3.45E-06 2.57E-06 1.78E-06 1.5E-06 
 36Ar nA 0.000354 0.001957 9.21E-05 6.11E-05 1.08E-05 -2.8E-06 1.17E-05 9.95E-06 1.23E-05 7.59E-06 
 2SE 3.65E-06 6.09E-06 3.07E-06 2.24E-06 2.12E-06 2.39E-06 2.9E-06 1.84E-06 2.67E-06 1.16E-06 
 39/40 
Ca+KCorr 
0.002029 0.005725 0.00383 0.003193 0.003326 0.003457 0.00354 0.003864 0.003752 0.003855 
 sigma 4.89E-05 1.98E-05 2.73E-05 1.12E-05 1.11E-05 9.11E-06 1.47E-05 2.75E-05 5.63E-05 6.6E-05 
 36/40 
Ca+KCorr 
0.00327 0.002371 0.000138 3.41E-05 2.63E-06 -8.2E-07 5.72E-06 2.45E-05 6.79E-05 0.00014 
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 sigma 6.28E-05 1.43E-05 8.78E-06 2.28E-06 1.79E-05 3.55E-05 9.2E-05 0.000274 0.000591 7.59E-05 
 37/39 
Ca+KCorr 
0.683383 0.678931 0.473158 0.201822 0.043884 0.035003 0.030507 0.046261 0.087084 1.234262 
 sigma 0.130468 0.012558 0.012662 0.006692 0.002125 0.002309 0.006426 0.022037 0.035236 0.10095 
 38/39 
Ca+KCorr 
0.117145 0.112792 0.046912 0.022267 0.013843 0.01218 0.015759 0.012429 0.02037 0.04105 
sigma 0.008069 0.001877 0.002006 0.001228 0.000616 0.000435 0.001271 0.004052 0.004059 0.016207 
  40/39 
rad 
11.6963 51.01096 250.3356 309.9762 300.456 289.3598 282.01 256.8868 261.1276 248.562 
 sigma 20.22123 1.065149 2.010475 1.046718 0.99349 0.784218 1.103974 2.087068 4.842051 5.420693 
 %39Ar 0.452458 9.714408 5.240557 11.72003 27.65369 25.35148 14.82126 3.221389 1.398042 0.426687 
 Age Ma 151.8312 584.9186 1908.108 2168.916 2129.73 2082.957 2051.295 1938.669 1958.181 1899.744 
 +/-95% 515.7696 20.88641 22.6091 14.26836 13.57621 12.97454 14.64623 21.83722 45.23808 54.06573 
 Incl(1/0) 0 0 0 1 1 1 1 0 0 0 
 Ca/K 1.373347 1.3644 0.950873 0.405589 0.088191 0.070342 0.061307 0.092968 0.175007 2.480412 
 sigma 0.262252 0.025827 0.025733 0.013547 0.004286 0.004648 0.012916 0.044288 0.070815 0.203119 
 Cl/K 0.014319 0.013787 0.005734 0.002722 0.001692 0.001489 0.001926 0.001519 0.00249 0.005018 
 sigma 0.001026 0.000355 0.00027 0.000159 8.23E-05 6.07E-05 0.00016 0.000496 0.000499 0.001984 
  
Sample: RSS11P_29-1 
J-value used: 0.007513 +/- 0.000014 
Days after irradiation: 103.19 
 
Step # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
40Ar 
nA 
0.0426 0.4771
89 
2.4131
86 
9.9282
91 
8.9698
14 
24.717
55 
22.616
03 
22.571
59 
16.806
12 
14.861
31 
18.816
21 
17.140
94 
16.661
03 
8.2141
25 
1.9977
53 
 2SE 9.13E-
05 
0.0004
53 
0.0103
66 
0.0031
15 
0.0065
82 
0.0120
57 
0.0090
95 
0.0107
46 
0.0084
5 
0.0057
31 
0.0058
7 
0.0044
12 
0.0097
02 
0.0036
75 
0.0012
26 
 39Ar 
nA 
0.0008
37 
0.0091
43 
0.0154
28 
0.0366
14 
0.0294
65 
0.0862
77 
0.0777
76 
0.0799
46 
0.0602
93 
0.0539
55 
0.0716
11 
0.0650
55 
0.0604
33 
0.0307
45 
0.0074
89 
APPENDICES 
229 
 
 2SE 1.54E-
05 
1.75E-
05 
6.89E-
05 
5.12E-
05 
2.96E-
05 
0.0001
18 
0.0001
18 
7.55E-
05 
7.14E-
05 
8.43E-
05 
6E-05 4.27E-
05 
4.08E-
05 
2.81E-
05 
1.34E-
05 
 38Ar 
nA 
7.82E-
05 
0.0002
86 
0.0003
11 
0.0005
42 
0.0003
75 
0.0010
87 
0.0010
06 
0.0010
41 
0.0007
71 
0.0007
22 
0.0010
38 
0.0009
88 
0.0009
45 
0.0005
11 
0.0001
55 
 2SE 1.87E-
05 
1.23E-
05 
1.63E-
05 
6.24E-
06 
9.23E-
06 
6.42E-
06 
5.94E-
06 
1.1E-
05 
4.23E-
06 
4.41E-
06 
5.78E-
06 
8.52E-
06 
1.03E-
05 
8.7E-
06 
3.84E-
06 
 37Ar 
nA 
-6.8E-
06 
2.81E-
05 
3.67E-
05 
9.31E-
06 
2.6E-
05 
6.59E-
05 
3.67E-
05 
5.16E-
05 
2.14E-
05 
1.08E-
05 
7.1E-
05 
5.35E-
05 
4.76E-
05 
1.11E-
05 
2.93E-
05 
 2SE 1.95E-
05 
1.7E-
05 
1.63E-
05 
6.19E-
06 
5.73E-
06 
4.74E-
06 
6.18E-
06 
6.51E-
06 
3.02E-
06 
3.97E-
06 
3.02E-
06 
5.05E-
06 
4.68E-
06 
4.3E-
06 
3.96E-
06 
 36Ar 
nA 
0.0001
68 
0.0004
92 
0.0004
1 
0.0002
93 
0.0001
47 
0.0002
89 
0.0002
82 
0.0003
83 
0.0002
71 
0.0003
1 
0.0006
92 
0.0006
35 
0.0006
25 
0.0003
73 
0.0001
71 
 2SE 1.38E-
05 
1.84E-
05 
1.07E-
05 
7.34E-
06 
7.38E-
06 
4.97E-
06 
5.95E-
06 
6.23E-
06 
4.42E-
06 
5.3E-
06 
5E-06 8.09E-
06 
4.47E-
06 
5.92E-
06 
5.05E-
06 
 39/40 
Ca+KC
orr 
0.0194
53 
0.0189
7 
0.0063
26 
0.0036
48 
0.0032
5 
0.0034
53 
0.0034
02 
0.0035
04 
0.0035
49 
0.0035
92 
0.0037
65 
0.0037
55 
0.0035
89 
0.0037
03 
0.0037
09 
 sigma 0.0007
28 
7.99E-
05 
7.67E-
05 
1.05E-
05 
8.07E-
06 
9.98E-
06 
1.13E-
05 
7.19E-
06 
8.68E-
06 
1.1E-
05 
6.59E-
06 
5.26E-
06 
6.13E-
06 
7.23E-
06 
1.38E-
05 
 36/40 
Ca+KC
orr 
0.0037
78 
0.0009
86 
0.0001
62 
2.82E-
05 
1.57E-
05 
1.12E-
05 
1.19E-
05 
1.62E-
05 
1.54E-
05 
1.99E-
05 
3.52E-
05 
3.54E-
05 
3.58E-
05 
4.34E-
05 
8.16E-
05 
 sigma 0.0006
37 
7.12E-
05 
8.12E-
06 
1.27E-
06 
1.54E-
06 
3.83E-
07 
4.89E-
07 
5.2E-
07 
4.91E-
07 
6.74E-
07 
4.99E-
07 
8.67E-
07 
4.9E-
07 
1.29E-
06 
4.48E-
06 
 37/39 
Ca+KC
orr 
0 0.0231
96 
0.0179
43 
0.0019
16 
0.0066
61 
0.0057
63 
0.0035
62 
0.0048
69 
0.0026
73 
0.0015
16 
0.0074
74 
0.0061
99 
0.0059
41 
0.0027
16 
0.0294
61 
 sigma 0 0.0344
48 
0.0195
09 
0.0031
29 
0.0036
01 
0.0010
16 
0.0014
7 
0.0015
07 
0.0009
28 
0.0013
61 
0.0007
81 
0.0014
38 
0.0014
32 
0.0025
9 
0.0097
97 
 38/39 
Ca+KC
orr 
0.0558
53 
0.0211
9 
0.0150
84 
0.0131
98 
0.0116
79 
0.0118
49 
0.0121
38 
0.0120
08 
0.0118
26 
0.0121
96 
0.0125
85 
0.0132
44 
0.0135
86 
0.0142
45 
0.0163
27 
sigma 0.0325
64 
0.0022
16 
0.0019
34 
0.0003
71 
0.0006
98 
0.0001
74 
0.0001
79 
0.0003
09 
0.0001
61 
0.0001
87 
0.0001
72 
0.0002
78 
0.0003
6 
0.0005
89 
0.0009
84 
APPENDICES 
230 
 
  40/39 
rad 
-
6.5768
6 
37.194
11 
150.42
26 
271.77
87 
306.26
98 
288.61
67 
292.87
65 
283.99
91 
280.45
03 
276.74
92 
262.79
75 
263.50
68 
275.68
64 
266.55
1 
263.07
78 
 sigma 10.445
49 
1.2096
43 
1.9708
37 
0.7417
06 
0.7642
36 
0.8497
45 
0.9021
65 
0.6227
18 
0.7117
08 
0.8559
87 
0.4672
53 
0.3912
69 
0.4927
99 
0.5617
74 
1.1467
19 
 %39Ar 0.1160
78 
1.2681
18 
2.1398
62 
5.6713
65 
4.5641
56 
12.872
83 
11.878
74 
11.603
56 
8.7513
32 
7.6639
32 
10.382
47 
9.2404
48 
8.4811
56 
4.3149 1.0510
42 
 Age 
Ma 
-
91.454
7 
444.72
88 
1364.7
1 
2007.7
25 
2155.2
68 
2081.2
61 
2099.3
99 
2061.3
91 
2045.9
7 
2029.7
46 
1967.2
41 
1970.4
72 
2025.0
6 
1984.2
71 
1968.5
19 
 +/-95% 295.45
93 
25.541
39 
27.047
52 
12.648
95 
13.526
61 
13.417
82 
12.923
91 
12.556
26 
12.915
5 
13.160
98 
11.932
11 
11.282
94 
11.698
32 
11.629
72 
15.008
07 
 
Incl(1/0
) 
0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 
 Ca/K 0 0.0466
15 
0.0360
58 
0.0038
51 
0.0133
85 
0.0115
82 
0.0071
58 
0.0097
84 
0.0053
72 
0.0030
46 
0.0150
19 
0.0124
58 
0.0119
4 
0.0054
59 
0.0592
07 
 sigma 0 0.0692
27 
0.0392
06 
0.0062
87 
0.0072
37 
0.0020
43 
0.0029
55 
0.0030
29 
0.0018
66 
0.0027
34 
0.0015
7 
0.0028
91 
0.0028
79 
0.0052
05 
0.0196
89 
 Cl/K 0.0068
27 
0.0025
9 
0.0018
44 
0.0016
13 
0.0014
28 
0.0014
48 
0.0014
84 
0.0014
68 
0.0014
46 
0.0014
91 
0.0015
38 
0.0016
19 
0.0016
61 
0.0017
41 
0.0019
96 
 sigma 0.0039
83 
0.0002
76 
0.0002
39 
5.53E-
05 
8.98E-
05 
3.55E-
05 
3.65E-
05 
4.75E-
05 
3.45E-
05 
3.71E-
05 
3.68E-
05 
4.65E-
05 
5.48E-
05 
7.97E-
05 
0.0001
26 
 
Sample: RSS11P_29-2 
J-value used: 0.007447 +/- 0.000034 
Days after irradiation: 106.48 
 
Step 
# 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
40Ar 
nA 
0.00
28 
0.31
211 
0.56
3517 
2.21
9254 
3.81
5264 
5.07
5622 
5.18
4426 
5.58
2918 
4.77
1867 
4.48
6549 
4.52
2213 
6.37
8502 
3.15
2513 
0.41
4051 
0.41
717 
0.61
1885 
0.33
9634 
0.50
5037 
0.54
1851 
0.20
0636 
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 2SE 5.09
E-05 
0.00
0115 
0.00
0366 
0.00
0825 
0.00
2264 
0.00
2412 
0.00
2193 
0.00
1953 
0.00
165 
0.00
1343 
0.00
1488 
0.00
2396 
0.00
0635 
0.00
0231 
0.00
0139 
0.00
0278 
0.00
0139 
0.00
024 
0.00
0274 
9.17
E-05 
 
39Ar 
nA 
1.87
E-05 
0.00
3932 
0.00
8146 
0.01
479 
0.01
6356 
0.01
9124 
0.01
9166 
0.02
14 
0.01
8579 
0.01
6406 
0.01
5818 
0.02
2161 
0.01
042 
0.00
1046 
0.00
1037 
0.00
1769 
0.00
1019 
0.00
1546 
0.00
1139 
0.00
017 
 2SE 3.14
E-06 
1.24
E-05 
1.07
E-05 
1.61
E-05 
2.03
E-05 
2.81
E-05 
1.64
E-05 
1.52
E-05 
1.67
E-05 
1.86
E-05 
1.62
E-05 
2.87
E-05 
1.39
E-05 
5E-
06 
5.91
E-06 
8.79
E-06 
5.13
E-06 
6.02
E-06 
5.77
E-06 
3.44
E-06 
 
38Ar 
nA 
1.49
E-05 
0.00
0304 
0.00
0345 
0.00
0306 
0.00
0321 
0.00
0348 
0.00
033 
0.00
035 
0.00
028 
0.00
0263 
0.00
0249 
0.00
0361 
0.00
0361 
0.00
0125 
0.00
0157 
0.00
028 
0.00
015 
0.00
0182 
0.00
0262 
0.00
0141 
 2SE 4.07
E-06 
4.72
E-06 
4.01
E-06 
4.12
E-06 
6.84
E-06 
5.23
E-06 
6.19
E-06 
3.87
E-06 
3.22
E-06 
3.99
E-06 
4.8E
-06 
5.66
E-06 
2.43
E-06 
3.21
E-06 
6.58
E-06 
5.59
E-06 
3.33
E-06 
5.99
E-06 
6.51
E-06 
5.22
E-06 
 
37Ar 
nA 
3.84
E-05 
9.35
E-05 
0.00
0154 
0.00
0142 
0.00
0121 
0.00
0107 
0.00
0118 
9.79
E-05 
7.59
E-05 
9.75
E-05 
7.87
E-05 
5.32
E-05 
7.13
E-05 
4.72
E-05 
6.8E
-05 
8E-
05 
5.62
E-05 
7.72
E-05 
6.28
E-05 
6.08
E-05 
 2SE 2.61
E-06 
4.07
E-06 
2.81
E-06 
3.56
E-06 
5.58
E-06 
3.15
E-06 
3.83
E-06 
1.42
E-06 
5.07
E-06 
3.17
E-06 
3.02
E-06 
4.78
E-06 
2.05
E-06 
2.02
E-06 
3.31
E-06 
2.73
E-06 
2.06
E-06 
4.07
E-06 
2.61
E-06 
2.72
E-06 
 
36Ar 
nA 
3E-
05 
0.00
0991 
0.00
0648 
0.00
0364 
0.00
0393 
0.00
0395 
0.00
0295 
0.00
0301 
0.00
0214 
0.00
0191 
0.00
0182 
0.00
0423 
0.00
1054 
0.00
0544 
0.00
0691 
0.00
1054 
0.00
0501 
0.00
0627 
0.00
1154 
0.00
0702 
 2SE 3.91
E-06 
5.66
E-06 
3.42
E-06 
4.15
E-06 
4.98
E-06 
4.02
E-06 
3.97
E-06 
3.38
E-06 
3.59
E-06 
2.54
E-06 
4.6E
-06 
5.12
E-06 
5.43
E-06 
4.48
E-06 
5.98
E-06 
4.65
E-06 
3.93
E-06 
5.54
E-06 
4.67
E-06 
4.73
E-06 
 
39/40 
Ca+
KCor
r 
0.00
6539 
0.01
2468 
0.01
4308 
0.00
6594 
0.00
4241 
0.00
3727 
0.00
3657 
0.00
3792 
0.00
3852 
0.00
3618 
0.00
346 
0.00
3437 
0.00
327 
0.00
2499 
0.00
2459 
0.00
2859 
0.00
2968 
0.00
3028 
0.00
2079 
0.00
0839 
 
sigm
a 
0.00
6702 
7.84
E-05 
4.11
E-05 
1.52
E-05 
1.16
E-05 
1.14
E-05 
7.39
E-06 
5.81
E-06 
7.06
E-06 
8.09
E-06 
7.31
E-06 
9.21
E-06 
8.48
E-06 
2.31
E-05 
2.76
E-05 
2.83
E-05 
3.09
E-05 
2.33
E-05 
2.04
E-05 
3.3E
-05 
 
36/40 
Ca+
KCor
r 
0.01
0209 
0.00
3037 
0.00
1099 
0.00
0156 
9.85
E-05 
7.42
E-05 
5.43
E-05 
5.15
E-05 
4.28
E-05 
4.07
E-05 
3.84
E-05 
6.34
E-05 
0.00
032 
0.00
1256 
0.00
1584 
0.00
1647 
0.00
141 
0.00
1187 
0.00
2035 
0.00
3345 
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sigm
a 
0.00
3479 
3.25
E-05 
1.09
E-05 
3.21
E-06 
2.37
E-06 
1.5E
-06 
1.42
E-06 
1.14
E-06 
1.4E
-06 
1.07
E-06 
1.92
E-06 
1.47
E-06 
3.14
E-06 
1.94
E-05 
2.5E
-05 
1.35
E-05 
2.04
E-05 
2.04
E-05 
1.53
E-05 
4.44
E-05 
 
37/39 
Ca+
KCor
r 
16.7
1231 
0.19
1218 
0.15
2216 
0.07
7083 
0.05
9565 
0.04
4812 
0.04
9491 
0.03
6803 
0.03
287 
0.04
7821 
0.04
0039 
0.01
9324 
0.05
5031 
0.36
325 
0.52
7486 
0.36
3959 
0.44
3808 
0.40
175 
0.44
3412 
2.87
4441 
 
sigm
a 
7.41
1299 
0.02
0476 
0.00
6823 
0.00
4752 
0.00
6735 
0.00
3252 
0.00
3944 
0.00
1309 
0.00
5392 
0.00
3817 
0.00
3769 
0.00
4262 
0.00
3897 
0.03
8397 
0.06
3444 
0.03
0804 
0.04
0218 
0.05
212 
0.04
5656 
0.34
6228 
 
38/39 
Ca+
KCor
r 
0.50
4919 
0.03
0702 
0.02
7431 
0.01
5975 
0.01
5031 
0.01
4269 
0.01
424 
0.01
3618 
0.01
2796 
0.01
374 
0.01
3504 
0.01
2651 
0.01
5919 
0.02
3358 
0.02
8392 
0.04
86 
0.05
6518 
0.04
2763 
0.04
3551 
0.06
7538 
sigm
a 
0.39
2135 
0.00
1181 
0.00
078 
0.00
0524 
0.00
078 
0.00
0523 
0.00
0648 
0.00
0366 
0.00
0358 
0.00
0508 
0.00
0631 
0.00
0483 
0.00
0264 
0.00
1485 
0.00
2919 
0.00
2424 
0.00
3114 
0.00
344 
0.00
2682 
0.00
6932 
  
40/39 
rad 
-
313.
182 
7.48
0411 
46.9
655 
144.
5652 
228.
8474 
262.
3304 
268.
9884 
259.
6386 
256.
3 
273.
0684 
285.
6747 
285.
4296 
276.
6476 
250.
0491 
214.
41 
177.
8212 
195.
086 
213.
2165 
188.
6664 
1.62
0398 
 
sigm
a 
216.
1646 
1.09
2053 
0.32
565 
0.36
9589 
0.66
1562 
0.84
2964 
0.52
2399 
0.43
9703 
0.50
7182 
0.62
0371 
0.64
2019 
0.81
4715 
0.87
1805 
4.96
2188 
6.61
9468 
3.98
6249 
4.32
205 
3.45
6174 
6.40
3303 
72.1
7311 
 
%39
Ar 
0.00
9659 
2.02
6368 
4.19
7811 
7.62
2263 
8.42
9044 
9.85
533 
9.87
716 
11.0
2856 
9.57
4536 
8.45
4772 
8.15
1625 
11.4
2063 
5.36
9757 
0.53
9331 
0.53
4552 
0.91
1524 
0.52
5177 
0.79
6869 
0.58
7196 
0.08
7836 
 Age 
Ma 
0 97.8
2916 
541.
2476 
1318
.696 
1795
.304 
1954
.478 
1984
.522 
1942
.188 
1926
.827 
2002
.689 
2057
.692 
2056
.638 
2018
.477 
1897
.711 
1722
.087 
1522
.029 
1619
.196 
1715
.9 
1583
.674 
21.6
4619 
 +/-
95% 
2248
.357 
28.7
4537 
8.28
1749 
11.4
2386 
14.3
182 
17.8
1698 
15.2
2593 
15.4
9377 
14.9
916 
15.3
0166 
15.5
3045 
16.2
7357 
16.6
5194 
48.9
5634 
67.5
4203 
47.3
2696 
49.4
1286 
39.0
1072 
71.9
2626 
2535
.588 
 
Incl(
1/0) 
0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
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Ca/K 
33.5
8557 
0.38
4278 
0.30
5897 
0.15
4908 
0.11
9704 
0.09
0056 
0.09
9459 
0.07
3961 
0.06
6057 
0.09
6102 
0.08
0464 
0.03
8835 
0.11
0593 
0.72
9999 
1.06
0052 
0.73
1424 
0.89
1891 
0.80
737 
0.89
1094 
5.77
6566 
 
sigm
a 
14.9
4497 
0.04
3502 
0.01
7726 
0.01
1115 
0.01
423 
0.00
7325 
0.00
8727 
0.00
3782 
0.01
1104 
0.00
8443 
0.00
8131 
0.00
8683 
0.00
8822 
0.08
169 
0.13
331 
0.06
7483 
0.08
721 
0.10
8859 
0.09
7414 
0.72
7418 
 Cl/K 0.06
1719 
0.00
3753 
0.00
3353 
0.00
1953 
0.00
1837 
0.00
1744 
0.00
1741 
0.00
1665 
0.00
1564 
0.00
168 
0.00
1651 
0.00
1546 
0.00
1946 
0.00
2855 
0.00
3471 
0.00
5941 
0.00
6909 
0.00
5227 
0.00
5324 
0.00
8256 
 
sigm
a 
0.04
8021 
0.00
0228 
0.00
0184 
0.00
0112 
0.00
0129 
0.00
0104 
0.00
0114 
9.02
E-05 
8.56
E-05 
0.00
01 
0.00
0109 
9.37
E-05 
9.71
E-05 
0.00
0226 
0.00
0392 
0.00
0407 
0.00
0501 
0.00
0487 
0.00
0413 
0.00
0932 
 
Sample: RSS5P_25-1 
J-value used: 0.007495 +/- 0.000014 
Days after irradiation: 79.36 
 
Step # 1 2 3 4 5 6 7 8 9 10 
40Ar nA 0.131117 0.457878 0.749587 1.225258 1.528791 1.25756 1.349 1.251797 1.035351 0.392744 
 2SE 0.00022 0.000502 0.003287 0.000758 0.001056 0.000757 0.00218 0.002364 0.000419 0.000167 
 39Ar nA 0.00175 0.002082 0.002644 0.004359 0.005295 0.003876 0.002903 0.002041 0.001682 0.000388 
 2SE 5.68E-06 6.56E-06 1.53E-05 9.53E-06 1.13E-05 1.17E-05 9.75E-06 9.62E-06 6.38E-06 3.19E-06 
 38Ar nA 0.000123 0.000104 8.08E-05 0.00019 0.000184 0.000328 0.000469 0.000619 0.000283 0.000139 
 2SE 4.37E-06 8.39E-06 1.14E-05 6E-06 6.93E-06 6.76E-06 4.1E-06 2.53E-06 2.91E-06 4.23E-06 
 37Ar nA 8.07E-05 3.18E-05 -1.9E-05 6.32E-05 3.13E-05 2.65E-05 4.77E-05 5.19E-05 9.94E-06 7.91E-06 
 2SE 2.94E-06 3.61E-06 2.3E-05 4.34E-06 2.59E-06 4.36E-06 3.27E-06 2.61E-06 1.6E-06 1.49E-06 
 36Ar nA 0.000266 0.00018 0.000242 0.000486 0.000637 0.001214 0.001898 0.002613 0.00116 0.000503 
 2SE 3.05E-06 3.46E-06 1.14E-05 5.48E-06 6.25E-06 5.32E-06 1.94E-05 1.27E-05 5.78E-06 2.4E-06 
 39/40 
Ca+KCorr 
0.013206 0.004498 0.00349 0.003519 0.003426 0.003049 0.002129 0.001613 0.001607 0.000977 
 sigma 9.69E-05 2.96E-05 4.97E-05 1.6E-05 1.53E-05 1.87E-05 1.68E-05 1.59E-05 1.17E-05 1.54E-05 
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 36/40 
Ca+KCorr 
0.001936 0.000376 0.000309 0.000379 0.000398 0.000923 0.001344 0.001995 0.001071 0.001223 
 sigma 4.18E-05 1.37E-05 2.86E-05 7.69E-06 7.43E-06 8.05E-06 2.69E-05 2.04E-05 1.04E-05 1.15E-05 
 37/39 
Ca+KCorr 
0.216632 0.071636 0 0.068099 0.027767 0.032156 0.077178 0.119521 0.02776 0.09585 
 sigma 0.019473 0.019995 0 0.011492 0.005648 0.012966 0.01301 0.014795 0.010993 0.044357 
 38/39 
Ca+KCorr 
0.042078 0.033479 0.013606 0.02285 0.012462 0.026722 0.040939 0.067468 0.041277 0.11874 
sigma 0.003634 0.006585 0.004659 0.001757 0.001143 0.001353 0.000932 0.001022 0.001099 0.009091 
  40/39 
rad 
31.94827 197.3333 260.1661 251.9896 257.1335 237.6317 281.1765 250.6979 423.4059 650.051 
 sigma 1.246096 1.731099 4.801455 1.440567 1.476696 2.254472 5.35849 8.330122 5.399359 17.30491 
 %39Ar 6.474478 7.705714 9.785485 16.133 19.59689 14.34486 10.74561 7.55398 6.224865 1.435107 
 Age Ma 387.4001 1638.38 1952.262 1914.376 1938.303 1845.861 2046.116 1908.317 2578.404 3194.676 
 +/-95% 27.24426 20.53553 48.10307 16.95303 16.71021 23.81784 48.63473 78.25723 37.24067 84.26006 
 Incl(1/0) 0 0 1 1 1 1 1 1 0 0 
 Ca/K 0.43535 0.143961 0 0.136854 0.0558 0.064622 0.1551 0.240193 0.055788 0.192623 
 sigma 0.039173 0.040188 0 0.023101 0.011353 0.026058 0.026154 0.029748 0.022092 0.089144 
 Cl/K 0.005143 0.004092 0.001663 0.002793 0.001523 0.003266 0.005004 0.008247 0.005046 0.014514 
 sigma 0.000456 0.000809 0.00057 0.000222 0.000143 0.000177 0.00015 0.000205 0.000167 0.001147 
 
Sample: MMN-1R_27-1 
J-value used: 0.007504 +/- 0.000014 
Days after irradiation: 85.36 
 
Step # 1 2 3 4 5 6 7 8 9 10 
40Ar nA 0.103573 0.788544 0.635777 1.705785 3.865148 3.40899 1.946212 0.387518 0.17318 0.05142 
 2SE 4.98E-05 0.000645 0.00039 0.000521 0.002479 0.001441 0.000943 0.000189 0.000117 6.1E-05 
 39Ar nA 0.000213 0.004565 0.002462 0.005507 0.012993 0.011911 0.006964 0.001514 0.000657 0.000201 
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 2SE 2.54E-06 7.07E-06 8.85E-06 9.45E-06 2.02E-05 1.5E-05 1.32E-05 5.49E-06 5.16E-06 1.77E-06 
 38Ar nA 9.02E-05 0.000879 0.000134 0.000135 0.000184 0.000146 0.000113 2.08E-05 1.58E-05 9.7E-06 
 2SE 2.32E-06 5.87E-06 2.3E-06 3.06E-06 3.36E-06 2.14E-06 3.75E-06 2.8E-06 1.29E-06 1.58E-06 
 37Ar nA 2.75E-05 0.000586 0.00022 0.00021 0.000108 7.88E-05 4.02E-05 1.32E-05 1.08E-05 4.68E-05 
 2SE 2.11E-06 4.32E-06 2.27E-06 2.82E-06 2.12E-06 2.12E-06 3.45E-06 2.57E-06 1.78E-06 1.5E-06 
 36Ar nA 0.000354 0.001957 9.21E-05 6.11E-05 1.08E-05 -2.8E-06 1.17E-05 9.95E-06 1.23E-05 7.59E-06 
 2SE 3.65E-06 6.09E-06 3.07E-06 2.24E-06 2.12E-06 2.39E-06 2.9E-06 1.84E-06 2.67E-06 1.16E-06 
 39/40 
Ca+KCorr 
0.002029 0.005725 0.00383 0.003193 0.003326 0.003457 0.00354 0.003864 0.003752 0.003855 
 sigma 4.89E-05 1.98E-05 2.73E-05 1.12E-05 1.11E-05 9.11E-06 1.47E-05 2.75E-05 5.63E-05 6.6E-05 
 36/40 
Ca+KCorr 
0.00327 0.002371 0.000138 3.41E-05 2.63E-06 -8.2E-07 5.72E-06 2.45E-05 6.79E-05 0.00014 
 sigma 6.28E-05 1.43E-05 8.78E-06 2.28E-06 1.79E-05 3.55E-05 9.2E-05 0.000274 0.000591 7.59E-05 
 37/39 
Ca+KCorr 
0.683383 0.678931 0.473158 0.201822 0.043884 0.035003 0.030507 0.046261 0.087084 1.234262 
 sigma 0.130468 0.012558 0.012662 0.006692 0.002125 0.002309 0.006426 0.022037 0.035236 0.10095 
 38/39 
Ca+KCorr 
0.117145 0.112792 0.046912 0.022267 0.013843 0.01218 0.015759 0.012429 0.02037 0.04105 
sigma 0.008069 0.001877 0.002006 0.001228 0.000616 0.000435 0.001271 0.004052 0.004059 0.016207 
  40/39 
rad 
11.6963 51.01096 250.3356 309.9762 300.456 289.3598 282.01 256.8868 261.1276 248.562 
 sigma 20.22123 1.065149 2.010475 1.046718 0.99349 0.784218 1.103974 2.087068 4.842051 5.420693 
 %39Ar 0.452458 9.714408 5.240557 11.72003 27.65369 25.35148 14.82126 3.221389 1.398042 0.426687 
 Age Ma 151.8312 584.9186 1908.108 2168.916 2129.73 2082.957 2051.295 1938.669 1958.181 1899.744 
 +/-95% 515.7696 20.88641 22.6091 14.26836 13.57621 12.97454 14.64623 21.83722 45.23808 54.06573 
 Incl(1/0) 0 0 0 1 1 1 1 0 0 0 
 Ca/K 1.373347 1.3644 0.950873 0.405589 0.088191 0.070342 0.061307 0.092968 0.175007 2.480412 
 sigma 0.262252 0.025827 0.025733 0.013547 0.004286 0.004648 0.012916 0.044288 0.070815 0.203119 
 Cl/K 0.014319 0.013787 0.005734 0.002722 0.001692 0.001489 0.001926 0.001519 0.00249 0.005018 
 sigma 0.001026 0.000355 0.00027 0.000159 8.23E-05 6.07E-05 0.00016 0.000496 0.000499 0.001984 
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Appendix D: Cosmogenic nuclides analytical data 
 
Appendix D1: Analytical data for 10Be concentrations (Cologne AMS) 
AMS 
ID 
Sample ID 10Be/9Be 10Be/9Be 
1𝛔 
10Be/9Be 1𝛔 
(%) 
avg. 9Be 
current 
(A) 
Total 
10Be 
counts 
Quartz 
weight (g) 
9Be carrier 
weight (g) 
[10Be] 
(atoms/g) 
[10Be] 1𝛔 
(atoms/g) 
s09297 DB421 7.19E-12 2.22E-13 3.09 2.16E-06 39773 23.996 0.41815 3115219 101085.1 
s09298 DB422 7.67E-12 2.39E-13 3.11 1.81E-06 23838 24.0891 0.4191 3314786 108548.2 
s09299 PB423 7.7E-12 2.38E-13 3.09 2.13E-06 35091 27.0666 0.41885 2962995 96228.27 
s09300 PB424 8.95E-12 2.77E-13 3.1 2.08E-06 31837 26.63835 0.4186 3497139 113714.2 
s09301 DB524 6.74E-12 2.1E-13 3.11 2.03E-06 23400 25.9716 0.41885 2703075 88421.32 
s09302 EMR 8.27E-12 2.57E-13 3.1 1.91E-06 27015 25.02855 0.4159 3414250 111514.2 
s09303 RSS1 1.44E-12 4.94E-14 3.43 1.62E-06 3979 14.6035 0.41675 1021471 36513.74 
s09304 RSS2 1.07E-12 3.68E-14 3.44 2.11E-06 3870 14.09075 0.4176 788228.7 28249.42 
s09305 RSS3 5.39E-12 1.69E-13 3.13 1.96E-06 18122 14.6067 0.4167 3821400 125794.1 
s09306 RSS4 1.14E-12 3.95E-14 3.46 1.89E-06 3680 13.1444 0.41915 903600.4 32604.46 
s09307 RSS5 7.84E-12 2.44E-13 3.11 1.74E-06 23358 20.9752 0.41795 3883118 126943.8 
s09308 RSS6 5.48E-13 1.98E-14 3.61 1.63E-06 2670 12.462 0.4186 457450.1 17187.96 
s09309 RSS7 6.86E-13 2.4E-14 3.5 2.27E-06 3330 13.68655 0.4179 520863.6 18971.96 
s09310 RSS8 2.29E-12 7.31E-14 3.2 2.16E-06 10561 11.61855 0.41745 2041630 68415.69 
s09311 RSS9 3.13E-12 1.01E-13 3.23 1.63E-06 8744 14.2571 0.417 2276343 76885.91 
s09312 RSS10 3.17E-12 1.01E-13 3.17 2.28E-06 12343 10.94 0.4188 3020172 100752.7 
s09313 RSS11 6.46E-12 2.01E-13 3.11 2.19E-06 24233 17.13625 0.4171 3907819 127741 
s09314 RSS12A 3.53E-12 1.11E-13 3.14 2.21E-06 16720 15.0957 0.41885 2432546 80334.88 
s09315 RSS12B 1.85E-12 6.07E-14 3.28 2.12E-06 6734 13.51965 0.41745 1421435 48720.24 
Blanks 
s09316 BLK-MTV1 1.35E-14 1.89E-15 13.94 1.86E-06 54  0.417 1403.488 196.4099 
s09317 BLK-MTV2 2.89E-15 7.07E-16 24.44 1.72E-06 17  0.4178 300.449 73.48606 
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Appendix D2: Analytical data for 26Al concentrations (Cologne AMS) 
 
AMS ID Sample ID 26Al/27Al 26Al/27Al 
1σ 
26Al/27Al 
1σ (%) 
Avg. 27Al 
current (A) 
Total 
number of 
26Al counts 
[26Al] 
(atoms/g) 
[26Al] 1σ 
(atoms/g) 
s10640 DB421 3.01E-12 1.45E-13 4.83 7.73E-08 787 13545008 667165.5 
s10641 DB422 3.36E-12 1.55E-13 4.61 9.86E-08 936 15443817 728682.6 
s10642 PB423 2.59E-12 1.19E-13 4.6 8.07E-08 944 12209757 574009.8 
s10643 PB424 3.05E-12 1.34E-13 4.41 9.36E-08 1126 15677661 706918.3 
s10644 DB524 2.3E-12 1.06E-13 4.61 1.2E-07 936 11903875 562417.4 
s10645 EMR 3.75E-12 1.53E-13 4.1 9.55E-08 1614 15281046 642663 
s10646 RSS1 1.86E-12 9.19E-14 4.94 9.86E-08 724 7841610 395445.2 
s10647 RSS2 2.11E-12 1.72E-13 8.15 5.02E-08 179 5722056 471066.1 
s10648 RSS3 4.98E-12 2.25E-13 4.52 9.03E-08 1016 19915250 922095.5 
s10649 RSS4 1.54E-12 1.31E-13 8.48 3.75E-08 163 5575711 477228.5 
s10650 RSS5 7.82E-12 2.18E-12 27.93 4.21E-10 13   
s10651 RSS6 1.7E-12 1.46E-13 8.57 3.32E-08 159 3490094 302232.1 
s10652 RSS7 2.99E-12 2.51E-13 8.42 1.41E-08 166 3949164 334656.7 
s10653 RSS8 6.3E-12 3.38E-13 5.38 2.19E-08 546 13543308 739776.3 
s10654 RSS9 4.99E-12 2.51E-13 5.03 3.45E-08 680 12980954 665624 
s10655 RSS10 3.6E-12 2.3E-13 6.41 3.23E-08 328 14743527 954789.4 
s10656 RSS11 3.72E-12 1.61E-13 4.34 9.66E-08 1217 17908394 795027.3 
s10657 RSS12A 1.09E-11 7.56E-13 6.91 6.23E-09 269 13911767 972442 
s10658 RSS12B 2.4E-12 1.53E-13 6.37 6.15E-08 333 8914287 575905.7 
Blanks 
s10659 BLK-1 2.55E-15 2.55E-17 100 8.49E-08 0 57129.6 807.9346 
s10660 BLK-2 1.89E-15 1.89E-17 100 1.14E-07 0 42395.6 423.9945 
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Appendix D3: Analytical data for 26Al concentrations (iThemba LABS AMS) 
 
Sample ID 26Al/27Al 26Al/27Al 1σ [26Al] 
(atoms/g) 
[26Al] 1σ 
(atoms/g) 
DB421 2.85E-12 7.36E-14 12672876 356030.2 
DB422 not measured   
PB423 2.57E-12 9.21E-14 11958771 450829.5 
PB424 2.9E-12 6.71E-14 14790146 376309.1 
DB524 2.26E-12 6.35E-14 11604901 350088.7 
EMR 3.59E-12 9.4E-14 14522626 411216.4 
RSS1 1.89E-12 8.6E-14 7738421 372705.2 
RSS2 2.28E-12 1.63E-13 5955773 448758.1 
RSS3 4.87E-12 1.1E-13 19236269 483377 
RSS4 2.22E-12 2.09E-13 7763882 760878 
RSS5 3.77E-12 6.24E-14 18666181 364988.7 
RSS6 2.12E-12 1.13E-13 4101130 238697.8 
RSS7 3.34E-12 1.98E-13 4166656 268640.9 
RSS8 6.89E-12 2.86E-13 14540360 633559 
RSS9 5.2E-12 1.89E-13 13289748 511755.8 
RSS10 4.16E-12 1.89E-13 16744262 793607.3 
RSS11 3.98E-12 7.76E-14 18924436 420577.6 
RSS12A not measured   
RSS12B 3.04E-12 1.87E-13 11057473 704715.8 
Blanks     
RSS-Blk1 1.59E-13 2.18E-14 3552709 489583.6 
RSS-Blk2 1.47E-13 1.86E-14 3303141 417591.3 
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Appendix D4: Determination of stable Al with ICP-OES 
 
Sample ID Total 
Sample 
Solution 
(TSS) (g) 
Total Al 
aliquot 
(200 µL) 
weight (g)  
3M 
HNO3 wt. 
(4800 µL) 
TSS 
dilution 
Al-Cs 
aliquot 
(1mL) 
weight (g) 
1073 ppm 
Cs in H2O 
(9mL) 
weight (g) 
Total Al 
amount 
(mg) 
Error 
(mg) 
Al ppm 
in 
sample 
DB421 11.02 0.22 5.30 262.51 1.10 10.02 4.69 0.21 201.86 
DB422 11.05 0.22 5.31 262.79 1.10 10.22 4.82 0.20 205.85 
DB423 11.02 0.22 5.32 263.07 1.10 10.02 5.51 0.29 211.18 
DB424 11.03 0.22 5.34 265.83 1.10 10.01 5.89 0.35 230.49 
DB524 10.99 0.22 5.29 260.52 1.10 10.06 5.87 0.23 232.34 
EMR 11.06 0.22 5.30 262.24 1.10 10.05 4.43 0.20 182.80 
RSS1 10.81 0.22 5.31 259.16 1.10 10.07 2.66 0.14 188.97 
RSS2 10.99 0.22 5.33 264.01 1.11 10.25 1.65 0.09 121.80 
RSS3 10.99 0.22 5.30 260.91 1.11 10.11 2.53 0.13 179.29 
RSS4 11.06 0.22 5.32 264.26 1.10 10.11 2.06 0.10 162.11 
RSS5 11.05 0.22 5.30 264.06 1.10 10.02 4.54 0.21 223.70 
RSS6 10.96 0.22 5.32 263.40 1.11 10.13 1.12 0.05 92.13 
RSS7 10.88 0.22 5.34 260.41 1.10 10.13 0.79 0.04 59.32 
RSS8 11.06 0.22 5.34 266.29 1.10 10.07 1.08 0.05 96.41 
RSS9 10.97 0.22 5.34 266.43 1.10 10.06 1.60 0.09 116.54 
RSS10 10.97 0.22 5.31 261.33 1.10 10.07 1.95 0.09 183.77 
RSS11 11.76 0.22 5.32 280.16 1.10 10.06 3.57 0.17 215.56 
RSS12A 11.05 0.22 5.33 265.85 1.11 10.04 0.83 0.04 57.04 
RSS12B 10.95 0.22 5.34 263.36 1.10 10.03 2.16 0.12 166.62 
BLK-MTV2 10.65 0.22 5.31 254.31 1.10 10.04 1.96 0.18 2081.43 
BLK-MTV1 11.03 0.22 5.33 265.00 1.10 10.03 2.11 0.03 2088.48 
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Appendix D5: Recalculation of erosion rates from previous studies in the CoH 
Sample 
name 
Reference Latitude 
(DD) 
Longitude 
(DD) 
Elevation 
(m) 
sample 
thickness 
(cm) 
shielding 
correction 
10Be 
concentration 
(atoms/g) 
error 
10Be 
(atoms/g) 
Erosion 
rate 
(m/Ma) 
error (1 
sigma) 
(m/Ma) 
CHK101 Dirks et al. (2016) -25.879 27.793 1374 5 0.938 959070 29797 5.21 0.369 
CHK103 -25.879 27.792 1388 5 0.975 5874500 138670 0.69 0.064 
CHK102 -25.879 27.792 1378 5 0.968 2874600 71528 1.58 0.122 
CHK105 -25.879 27.793 1382 5 0.992 2618100 63279 1.82 0.136 
CHK115 -25.893 27.801 1436 5 0.782 771820 22243 5.77 0.4 
CHK116 -25.893 27.801 1438 5 0.782 1081900 33710 4.01 0.289 
CHK117 -25.893 27.801 1441 5 0.994 1785700 51028 2.95 0.214 
CHK110 -25.893 27.8 1398 0.5 1 2003900 52645 2.62 0.19 
CHK111 -25.896 27.808 1423 0.5 1 2263600 60704 2.33 0.172 
CHK112 -25.875 27.789 1337 0.5 1 2111000 58753 2.35 0.174 
CHK113 -25.875 27.78 1292 0.5 1 2108400 68646 2.26 0.174 
CHK118 -25.838 27.85 1248 0.5 1 2179600 63227 2.1 0.159 
CHK207 -25.933 27.905 1282 0.5 1 1691200 49431 2.88 0.211 
CHK207L -25.933 27.905 1282 2 1 1883400 50067 2.52 0.184 
LH08-1 Dirks et al. (2010) -25.89 27.76 1376 2 0.94 393236 10116 12.9 0.853 
LH08-2 -25.89 27.76 1376 2 0.94 478747 10770 10.6 0.689 
LH08-3 -25.89 27.76 1376 2 0.94 1100691 29537 4.44 0.307 
TNHL08-1 -25.9 27.8 1524 2 1 2160733 39068 2.52 0.175 
TNHL08-2 -25.9 27.8 1524 2 1 1445020 41736 3.94 0.279 
TNHL08-3 -25.9 27.8 1524 2 1 2317687 71013 2.33 0.176 
TNHL08-4 -25.9 27.8 1524 2 1 1402200 33657 4.07 0.279 
St7 Granger et al. (2015) -26.016 27.735 1500 2 1 1166000 20000 5.08 0.332 
Note: All data compiled from the cited references and recalculated here using the LSDn scaling method with v3 of the The online exposure age calculator 
(http://hess.ess.washington.edu/math/v3/v3_erosion_in.html). 
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Appendix D6: Direct calculation of soil residence time assuming steady-state (approach 2) 
 
Table D6.1: Surface residence times (tres), production rates (P10Be and P26Al) and soil thickness (hsoil) of vertically mixed soils calculated using a 
Monte Carlo (MC) computation with denudation rate (Drock) varying from 0 m/Ma to 35 m/Ma and a constant depth of the eroding rock (Zrock). 
See Figure 6.5 for a graphical presentation of how tres and hsoil differ with varying Drock. 
Model results for D = 3 m/Ma 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al 
(at g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N MC 
shots 
RSS3 5.11 0.943 34.443 6.358 153 151 52 0.872 0.913 0.298 493 
RSS5 4.056 0.371 27.339 2.503 220 218 29 1.311 1.341 0.31 500 
RSS9 4.646 1.384 31.32 9.33 159 193 93 0.299 0.381 0.171 417 
RSS10 4.178 1.101 28.161 7.421 222 222 81 0.749 0.819 0.363 491 
RSS11 3.855 0.521 25.988 3.513 238 238 45 1.481 1.574 0.515 500 
 
Model results for D = 5 m/Ma 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al 
(at g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N MC 
shots 
RSS3 5.37 0.93 36.194 6.27 139 136 49 0.939 0.962 0.298 495 
RSS5 4.264 0.427 28.739 2.881 205 202 31 1.391 1.415 0.335 500 
RSS9 5.055 1.41 34.075 9.508 139 165 86 0.38 0.46 0.197 433 
RSS10 4.438 1.218 29.917 8.213 200 204 84 0.829 0.934 0.434 488 
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RSS11 4.072 0.521 27.447 3.512 223 219 41 1.567 1.59 0.45 500 
 
Model results for D = 7 m/Ma 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al 
(at g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N MC 
shots 
RSS3 5.488 0.978 36.99 6.593 132 130 49 0.96 0.996 0.307 489 
RSS5 4.351 0.442 29.328 2.981 197 195 31 1.417 1.443 0.341 500 
RSS9 5.226 1.333 35.224 8.986 127 152 76 0.405 0.48 0.175 422 
RSS10 4.687 1.181 31.596 7.964 189 184 77 0.855 0.908 0.385 484 
RSS11 4.159 0.564 28.035 3.805 215 212 43 1.594 1.644 0.498 500 
 
Model results for D = 12 m/Ma 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al 
(at g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N MC 
shots 
RSS3 5.573 0.963 37.564 6.493 123 125 47 0.975 1.034 0.304 487 
RSS5 4.448 0.455 29.982 3.073 188 189 31 1.435 1.489 0.346 500 
RSS9 5.45 1.352 36.733 9.115 111 139 75 0.424 0.512 0.193 412 
RSS10 4.782 1.215 32.233 8.189 176 178 78 0.872 0.965 0.432 480 
RSS11 4.266 0.611 28.758 4.119 207 204 45 1.614 1.672 0.54 500 
 
Model results for D = 18 m/Ma 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al 
(at g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N MC 
shots 
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RSS3 5.684 0.974 38.315 6.567 118 119 47 0.978 1.035 0.316 487 
RSS5 4.547 0.518 30.647 3.497 184 182 34 1.439 1.475 0.353 500 
RSS9 5.599 1.296 37.743 8.74 101 130 70 0.428 0.516 0.189 411 
RSS10 4.913 1.205 33.117 8.126 169 168 71 0.877 0.936 0.359 480 
RSS11 4.276 0.602 28.821 4.057 202 203 44 1.618 1.725 0.548 500 
 
Model results for D = 22 m/Ma 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al 
(at g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N MC 
shots 
RSS3 5.737 1.015 38.668 6.842 116 117 48 0.979 1.03 0.307 485 
RSS5 4.56 0.46 30.735 3.103 182 181 30 1.44 1.472 0.322 500 
RSS9 5.607 1.309 37.792 8.824 98 129 69 0.429 0.524 0.183 407 
RSS10 4.854 1.122 32.716 7.565 166 171 70 0.877 0.963 0.382 482 
RSS11 4.313 0.633 29.074 4.27 200 201 46 1.619 1.717 0.541 500 
 
Model results for D = 25 m/Ma 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al 
(at g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N MC 
shots 
RSS3 5.807 0.991 39.141 6.681 115 113 47 0.979 1.009 0.3 489 
RSS5 4.596 0.493 30.977 3.323 181 178 32 1.44 1.465 0.341 500 
RSS9 5.663 1.397 38.169 9.421 95 128 74 0.429 0.529 0.199 404 
RSS10 4.877 1.275 32.874 8.595 165 173 78 0.878 0.997 0.441 479 
RSS11 4.378 0.592 29.511 3.994 199 195 42 1.619 1.643 0.458 500 
 
Model results for D = 35 m/Ma 
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Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al 
(at g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N MC 
shots 
RSS3 5.746 0.979 38.729 6.602 113 116 46 0.979 1.044 0.301 482 
RSS5 4.587 0.487 30.922 3.283 179 179 32 1.44 1.494 0.347 500 
RSS9 5.698 1.342 38.409 9.048 91 125 70 0.428 0.53 0.19 391 
RSS10 4.975 1.247 33.537 8.409 161 166 76 0.877 0.976 0.431 475 
RSS11 4.396 0.648 29.63 4.369 197 195 46 1.619 1.678 0.541 500 
 
Table D6.2: Surface residence times (tres), production rates (P10Be and P26Al) and soil thickness (hsoil) of vertically mixed soils calculated using a 
Monte Carlo (MC) computation with a constant denudation rate (Drock) and depth of the eroding rock (Zrock) varying from 0 cm to 250 cm. See 
Figure 6.5 for a graphical presentation of how tres and hsoil differ with varying Zrock. 
Model results for Zrock = 0 cm 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al (at 
g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N 
MC 
shots 
RSS3 5.218 0.926 35.174 6.242 146 144 49 0.946 0.989 0.308 493 
RSS5 4.167 0.381 28.088 2.571 211 209 29 1.401 1.433 0.318 500 
RSS9 4.792 1.311 32.304 8.84 160 180 83 0.389 0.464 0.185 439 
RSS10 4.308 1.062 29.041 7.164 211 210 76 0.838 0.91 0.381 493 
RSS11 3.96 0.534 26.691 3.6 229 229 44 1.577 1.675 0.533 500 
 
Model results for Zrock = 20 ± 5 cm 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al (at 
g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N 
MC 
shots 
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RSS3 5.428 0.935 36.59 6.308 136 133 48 0.956 0.98 0.3 495 
RSS5 4.311 0.434 29.058 2.926 201 198 31 1.412 1.437 0.338 500 
RSS9 5.125 1.39 34.546 9.374 135 160 83 0.401 0.481 0.2 435 
RSS10 4.499 1.221 30.326 8.229 195 199 82 0.85 0.956 0.438 488 
RSS11 4.116 0.528 27.746 3.564 219 215 41 1.59 1.613 0.453 500 
 
Model results for Zrock = 30 ± 5 cm 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al (at 
g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N 
MC 
shots 
RSS3 5.488 0.978 36.99 6.593 132 130 49 0.96 0.996 0.307 489 
RSS5 4.351 0.442 29.328 2.981 197 195 31 1.417 1.443 0.341 500 
RSS9 5.226 1.333 35.224 8.986 127 152 76 0.405 0.48 0.175 422 
RSS10 4.687 1.181 31.596 7.964 189 184 77 0.855 0.908 0.385 484 
RSS11 4.159 0.564 28.035 3.805 215 212 43 1.594 1.644 0.498 500 
 
Model results for Zrock = 50 ± 5 cm 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al (at 
g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N 
MC 
shots 
RSS3 5.544 0.987 37.37 6.652 126 127 48 0.966 1.021 0.305 491 
RSS5 4.408 0.448 29.71 3.024 191 191 31 1.424 1.478 0.345 500 
RSS9 5.392 1.366 36.342 9.209 115 143 76 0.413 0.499 0.192 414 
RSS10 4.732 1.213 31.898 8.182 180 182 79 0.862 0.952 0.43 481 
RSS11 4.229 0.602 28.505 4.06 210 207 45 1.602 1.66 0.538 500 
 
Model results for Zrock = 100 ± 10 cm 
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Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al (at 
g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N 
MC 
shots 
RSS3 5.708 0.983 38.473 6.626 117 118 47 0.974 1.031 0.315 487 
RSS5 4.561 0.523 30.741 3.529 183 181 34 1.434 1.47 0.352 500 
RSS9 5.66 1.321 38.15 8.906 98 127 71 0.423 0.511 0.188 410 
RSS10 4.936 1.211 33.269 8.164 167 167 71 0.872 0.932 0.358 479 
RSS11 4.288 0.606 28.901 4.091 201 203 44 1.613 1.72 0.547 500 
 
Model results for Zrock = 150 ± 20 cm 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al (at 
g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N 
MC 
shots 
RSS3 5.833 0.949 39.318 6.398 113 111 44 0.978 1.006 0.273 488 
RSS5 4.595 0.489 30.973 3.297 179 178 32 1.439 1.484 0.347 500 
RSS9 5.83 1.35 39.3 9.105 91 118 67 0.427 0.509 0.177 392 
RSS10 4.985 1.278 33.605 8.617 161 165 75 0.876 0.966 0.399 477 
RSS11 4.369 0.624 29.453 4.208 198 196 44 1.618 1.683 0.492 500 
 
Model results for Zrock = 200 ± 30 cm 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al (at 
g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N 
MC 
shots 
RSS3 5.818 0.986 39.214 6.648 111 113 47 0.979 1.033 0.312 478 
RSS5 4.613 0.478 31.094 3.224 177 177 31 1.44 1.485 0.329 500 
RSS9 5.751 1.215 38.762 8.189 87 120 62 0.429 0.522 0.169 397 
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RSS10 4.933 1.169 33.251 7.88 159 167 70 0.878 0.975 0.375 471 
RSS11 4.417 0.669 29.777 4.509 196 193 45 1.619 1.681 0.509 500 
 
Model results for Zrock = 250 ± 30 cm 
Sample P10Be 
(at g-1) 
 +/- 
1SD 
P26Al (at 
g-1) 
 +/- 
1SD 
hsoil 
(centre 
value, 
cm) 
 hsoil 
(Avg, 
cm) 
 +/- 
1SD 
 Res-
Time 
(centre 
value, 
Ma) 
 Res-
Time 
(Avg 
Ma) 
 +/- 
1SD 
 N 
MC 
shots 
RSS3 5.758 1 38.81 6.74 111 113 47 0.979 1.061 0.315 484 
RSS5 4.637 0.516 31.255 3.482 177 177 31 1.441 1.492 0.354 500 
RSS9 5.832 1.332 39.31 8.978 87 120 62 0.429 0.528 0.186 380 
RSS10 4.976 1.242 33.539 8.371 159 167 70 0.878 0.986 0.394 475 
RSS11 4.482 0.62 30.212 4.181 196 193 45 1.62 1.623 0.479 499 
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Appendix E: Visual Basic code of the model for cosmo soil history 
 
Program to do direct calculation and forward-modeling of the 10Be and 26Al evolution for soil 
above the Rising Star Cave following bedrock denudation, prolonged near-surface residence 
involving (bio)turbation, burial and exhumation. 
 
 
Figure E1: Screenshot of the program’s interface. 
 
Appendix E1: modelling and plotting 
 
Variables for the code: 
 
Dim I%, II%, MC_I%, MC_Iter% 
'Fundamental and basic constants 
Dim Lambda10Be, LamErr10Be, Lambda26Al, LamErr26Al 
Dim Lam_10Be, Lam_26Al 
Dim ProdSpall10Be, ProdMuon10Be, ProdSpall26Al, ProdMuon26Al  'from CRONUS for locality 
at surface 
Dim Atten_Depth, Atten_Muon  'attenuation depths in cm 
Dim Rho_Top, Rho_Rock   'densities 
Dim Ero_Rate 'erosion rate in m/Ma 
 
'Data variables 
Dim Sa_Nm$(13), Sa_Type$(13), Val10Be(13), Err10Be(13), Val26Al(13), Err26Al(13) 
Dim OutcrAv10Be, OutcrSD10Be, OutcrAv26Al, OutcrSD26Al, Outcr26_10, OutSD26_10 
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Dim DummyLine$ 
 
'Input variables 
Dim TimeStep, TurbZAv, TurbZErr, ExpTime1, ExpTime1Err, BuryTime, BuryTimeErr, ExpTime2, 
ExpTime2Err 
Dim ExpT1, BuryT, ExpT2, Exptime 
Dim Z_Bot, N_Layers%, Z_Lay, Prod_Be, Prod_Al 'relating to bioturbation 
Dim Prod_Be_Sum, Prod_Al_Sum, Prod_Be_Av, Prod_Al_Av 
 
'Monte Carlo variables in arrays to be got from these 
Dim MC%, XNum, YNum 
Dim MC_Xend(1000), MC_Yend(1000) 
 
'Results 
Dim Start_10Be, Start_26Al, Start_2610, End_10Be, End_26Al, End_2610 
Dim Start_10Be_2, Start_26Al_2 
Dim Step_10Be, Step_26Al 
Dim Time_Run 
 
'Parameters for plotting 
Dim Giv_X1, Giv_X2, Giv_Y1, Giv_Y2 
Dim X_Min, X_Max, Y_Min, Y_Max 
Dim Plot_X1, Plot_X2, Plot_Y1, Plot_Y2 
Dim Term1, Term2, Term3, Term4 
Dim Plotcol 
 
 
 
Private Sub Form_Load() 
 
X_Min = 100000# 
X_Max = 30000000# 
 
Y_Min = 2 
Y_Max = 10 
 
MC_Iter% = 100 
 
'Define values constants etc. 'Decay constants per Ma 
Lambda10Be = 0.4988: LamErr10Be = 0.005 
Lambda26Al = 0.9794: LamErr26Al = 0.023 
 
'Production rates atoms per g year (Cronus Earth calculator) 
ProdSpall10Be = 8.8: ProdMuon10Be = 0.12 
ProdSpall26Al = 59: ProdMuon26Al = 1.135 
 
'attenuation depth in cm 
Atten_Depth = 68 
N_Layers = 20 
Atten_Muon = 1000 
Rho_Top = 1.3 
Rho_Rock = 2.2 
 
'Input data 
Call Read_Data_File 
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OutcrAv10Be = 668000#: OutcrSD10Be = 213000# 
OutcrAv26Al = 5090000#: OutcrSD26Al = 1390000# 
'Outcr26_10 = 7.72 
'OutSD26_10 = 0.43 
'But use these values being on 'surface curve': 
Outcr26_10 = 6.74 
OutSD26_10 = 0.3 
 
End Sub 
 
Private Sub Command1_Click() 
Picture1.DrawWidth = 1 
Call Calculate 
Call MC_Calculate 
Call Reference 
Call Scale_Graph 
Call Plot_Data 
End Sub 
 
Private Sub Command2_Click() 
  Picture1.Cls 
End Sub 
 
Private Sub Text1_KeyPress(KeyAscii As Integer) 
  Text1.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text1.ForeColor = &H0& 
       TurbZAv = Val(Text1.Text) 
     End If 
End Sub 
Private Sub Text2_KeyPress(KeyAscii As Integer) 
  Text2.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text2.ForeColor = &H0& 
       TurbZErr = Val(Text2.Text) 
     End If 
End Sub 
Private Sub Text3_KeyPress(KeyAscii As Integer) 
  Text3.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text3.ForeColor = &H0& 
       ExpTime1 = Val(Text3.Text) 
     End If 
End Sub 
Private Sub Text4_KeyPress(KeyAscii As Integer) 
  Text4.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text4.ForeColor = &H0& 
       ExpTime1Err = Val(Text4.Text) 
     End If 
End Sub 
Private Sub Text5_KeyPress(KeyAscii As Integer) 
  Text5.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
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       Text5.ForeColor = &H0& 
       BuryTime = Val(Text5.Text) 
     End If 
     If BuryTime > 0 Then 
       Text7.Enabled = True: Text8.Enabled = True 
     Else 
       Text7.Enabled = False: Text8.Enabled = False 
     End If 
End Sub 
Private Sub Text6_KeyPress(KeyAscii As Integer) 
  Text6.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text6.ForeColor = &H0& 
       BuryTimeErr = Val(Text6.Text) 
     End If 
End Sub 
Private Sub Text7_KeyPress(KeyAscii As Integer) 
  Text7.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text7.ForeColor = &H0& 
       ExpTime2 = Val(Text7.Text) 
     End If 
End Sub 
 
Private Sub Text8_KeyPress(KeyAscii As Integer) 
  Text8.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text8.ForeColor = &H0& 
       ExpTime2Err = Val(Text8.Text) 
     End If 
End Sub 
 
 Sub Calculate() 
  
 MC% = 0 
 BuryT = 0 
 ExpT2 = 0 
  
 Z_Bot = TurbZAv 
 Call Prod_Bio_Turb 
  
 Lam_10Be = Lambda10Be / 1000 
 Lam_26Al = Lambda26Al / 1000 
 Start_10Be = OutcrAv10Be 
 Start_26Al = Outcr26_10 * Start_10Be 
 Start_2610 = Outcr26_10 
 ExpT1 = ExpTime1 
  
 If BuryTime > 0 Then BuryT = BuryTime 
 If ExpTime2 > 0 Then ExpT2 = ExpTime2 
  
 Call Surface_1 
 
 End Sub 
 Sub MC_Calculate() 
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 MC% = 1 
 BuryT = 0 
 ExpT2 = 0 
  
 For MC_I% = 1 To MC_Iter% 
  
 XNum = TurbZAv 
  Call Random_Inv_Norm 
 Z_Bot = TurbZAv + YNum * TurbZErr 
 If Z_Bot < 1 Then Z_Bot = 1 
   
 XNum = Lambda10Be 
 Call Random_Inv_Norm 
 Lam_10Be = (Lambda10Be + LamErr10Be * YNum) / 1000 
  
 XNum = Lambda26Al 
 Call Random_Inv_Norm 
 Lam_26Al = (Lambda26Al + YNum * LamErr26Al) / 1000 
  
 XNum = OutcrAv10Be 
 Call Random_Inv_Norm 
 Start_10Be = OutcrAv10Be + YNum * OutcrSD10Be 
  
 XNum = Outcr26_10 
 Call Random_Inv_Norm 
 Start_2610 = Outcr26_10 + YNum * OutSD26_10 
  
 Start_26Al = Start_2610 * Start_10Be 
  
 XNum = ExpTime1 
 Call Random_Inv_Norm 
 ExpT1 = ExpTime1 + YNum * ExpTime1Err 
 If ExpT1 < 1 Then ExpT1 = 1 
  
 If BuryTime > 0 Then 
   XNum = BuryTime 
   Call Random_Inv_Norm 
   BuryT = BuryTime + YNum * BuryTimeErr 
   If BuryT < 1 Then BuryT = 1 
 End If 
   
 If ExpTime2 > 0 Then 
   XNum = ExpTime2 
   Call Random_Inv_Norm 
   ExpT2 = ExpTime2 + YNum * ExpTime2Err 
   If ExpT2 < 1 Then ExpT2 = 1 
 End If 
   
 Call Prod_Bio_Turb 
 Call Surface_1 
  
 Next MC_I% 
  
 'plotting the end points 
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 For MC_I% = 1 To MC_Iter% 
       Giv_X1 = MC_Xend(MC_I%) 
       Giv_Y1 = MC_Yend(MC_I%) 
       Plotcol = &H404040    'dark grey 
       Plot_Log_Square 
 Next MC_I% 
  
 End Sub 
 
 Sub Prod_Bio_Turb() 
'average production over a layer of soil with a given depth from surface 
 
'depth in cm and production in atoms/g.yr 
Z_Lay = Z_Bot / N_Layers% 
Prod_Be_Sum = 0: Prod_Al_Sum = 0 
For I% = 1 To N_Layers% 
   Prod_Be = ProdSpall10Be * Exp((0.5 - I%) * Z_Lay / Atten_Depth) + ProdMuon10Be 
   Prod_Al = ProdSpall26Al * Exp((0.5 - I%) * Z_Lay / Atten_Depth) + ProdMuon26Al 
   Prod_Be_Sum = Prod_Be_Sum + Prod_Be * Z_Lay 
   Prod_Al_Sum = Prod_Al_Sum + Prod_Al * Z_Lay 
Next I% 
Prod_Be_Av = 1000 * Prod_Be_Sum / Z_Bot 'per ka 
Prod_Al_Av = 1000 * Prod_Al_Sum / Z_Bot 
 
End Sub 
 
Sub Reference() 
  'draw reference curves 
  'curve for pure exposure time, no erosion 
  'Start_10Be, Start_26Al, Start_2610, End_10Be, End_26Al, End_2610 
  Lam_10Be = Lambda10Be / 1000 
  Lam_26Al = Lambda26Al / 1000 
  Start_10Be = 100000# 
  Start_2610 = (ProdSpall26Al + ProdMuon26Al) / (ProdSpall10Be + ProdMuon10Be) 
  Start_26Al = Start_10Be * Start_2610 
  End_10Be = 1000 * (ProdSpall10Be + ProdMuon10Be) / Lam_10Be 
  End_26Al = 1000 * (ProdSpall26Al + ProdMuon26Al) / Lam_26Al 
  Giv_X1 = End_10Be 
  Giv_Y1 = End_26Al / End_10Be 
   
  Plotcol = &H80000008 'black 
  Call Plot_Log_Square 
   
    'draw development 
  Exptime = 10000 
  Time_Run = 0 
  TimeStep = Exptime / 50 
  Giv_X1 = Start_10Be 
  Giv_Y1 = Start_2610 
   
  For II% = 1 To 50 
    Time_Run = Time_Run + TimeStep 
    Step_10Be = End_10Be + (Start_10Be - End_10Be) * Exp(-Lam_10Be * Time_Run) 
    Step_26Al = End_26Al + (Start_26Al - End_26Al) * Exp(-Lam_26Al * Time_Run) 
    Giv_X2 = Step_10Be 
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    Giv_Y2 = Step_26Al / Step_10Be 
    Call Plot_Log 
    Giv_X1 = Giv_X2 
    Giv_Y1 = Giv_Y2 
  Next II% 
   
  'surface steady state curve for erosion 
  'ProdSpall10Be = 8.8: ProdMuon10Be = 0.12 
'ProdSpall26Al = 59: ProdMuon26Al = 1.135 
'attenuation depth in cm 
'Atten_Depth = 68 
'Atten_Muon = 1000 
'Rho_Top = 1.3 
'Rho_Rock = 2.2 
  Giv_X1 = End_10Be 
  Giv_Y1 = End_26Al / End_10Be 
  For II% = 1 To 27 
  Ero_Rate = 10 ^ (II% / 10) * 10 'in cm/Ma 
  Term1 = ProdSpall10Be * 1000000# / (Ero_Rate * (Rho_Top / Atten_Depth) + Lambda10Be) 
  Term2 = ProdMuon10Be * 1000000# / (Ero_Rate * (Rho_Rock / Atten_Muon) + Lambda10Be) 
  Step_10Be = Term1 + Term2 
  Term3 = ProdSpall26Al * 1000000# / (Ero_Rate * (Rho_Top / Atten_Depth) + Lambda26Al) 
  Term4 = ProdMuon26Al * 1000000# / (Ero_Rate * (Rho_Rock / Atten_Muon) + Lambda26Al) 
  Step_26Al = Term3 + Term4 
  Giv_X2 = Step_10Be 
  Giv_Y2 = Step_26Al / Step_10Be 
  Call Plot_Log 
    Giv_X1 = Giv_X2 
    Giv_Y1 = Giv_Y2 
  Next II% 
   
End Sub 
 
Sub Surface_1() 
  End_10Be = Prod_Be_Av / Lam_10Be 
  End_26Al = Prod_Al_Av / Lam_26Al 
  Giv_X1 = End_10Be 
  Giv_Y1 = End_26Al / End_10Be 
  Plotcol = &H80000008 'black 
  'Call Plot_Log_Square 
   
  'draw development 
  Time_Run = 0 
  TimeStep = ExpT1 / 20 
  Giv_X1 = Start_10Be 
  Giv_Y1 = Start_2610 
  Plotcol = &HC0C0C0    'grey 
  For II% = 1 To 20 
    Time_Run = Time_Run + TimeStep 
    Step_10Be = End_10Be + (Start_10Be - End_10Be) * Exp(-Lam_10Be * Time_Run) 
    Step_26Al = End_26Al + (Start_26Al - End_26Al) * Exp(-Lam_26Al * Time_Run) 
    Giv_X2 = Step_10Be 
    Giv_Y2 = Step_26Al / Step_10Be 
     
    Call Plot_Log 
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    Giv_X1 = Giv_X2 
    Giv_Y1 = Giv_Y2 
  Next II% 
  If BuryT > 0 Then 
     Call Burial 
  Else 
     If MC% = 0 Then 
       Plotcol = &H404040    'dark grey 
       Plot_Log_Square 
     Else 
       MC_Xend(MC_I%) = Giv_X1 
       MC_Yend(MC_I%) = Giv_Y1 
     End If 
  End If 
End Sub 
 
Sub Burial() 
  'inherits Giv_X1 and Giv_Y1 and step_10Be and Step_26Al from above 
  'neglects deep muon production and uses pure decay. 
  'one step because this is straight line in the plot 
     
    Step_10Be = Step_10Be * Exp(-Lam_10Be * BuryT) 
    Step_26Al = Step_26Al * Exp(-Lam_26Al * BuryT) 
    Giv_X2 = Step_10Be 
    Giv_Y2 = Step_26Al / Step_10Be 
    Plotcol = &HC0C0C0 
    Call Plot_Log 
    Giv_X1 = Giv_X2 
    Giv_Y1 = Giv_Y2 
  
  If ExpT2 > 0 Then 
    Call Surface_2 
  Else 
    If MC% = 0 Then 
       Plotcol = &H404040    'dark grey 
       Plot_Log_Square 
     Else 
       MC_Xend(MC_I%) = Giv_X1 
       MC_Yend(MC_I%) = Giv_Y1 
     End If 
  End If 
End Sub 
 
Sub Surface_2() 
    'inherits Giv_X1 and Giv_Y1 and step_10Be and Step_26Al from above 
  Time_Run = 0 
  TimeStep = ExpT2 / 20 
  Start_10Be_2 = Step_10Be 
  Start_26Al_2 = Step_26Al 
  Plotcol = &HC0C0C0 
  For II% = 1 To 20 
    Time_Run = Time_Run + TimeStep 
    Step_10Be = End_10Be + (Start_10Be_2 - End_10Be) * Exp(-Lam_10Be * Time_Run) 
    Step_26Al = End_26Al + (Start_26Al_2 - End_26Al) * Exp(-Lam_26Al * Time_Run) 
    Giv_X2 = Step_10Be 
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    Giv_Y2 = Step_26Al / Step_10Be 
    Call Plot_Log 
    Giv_X1 = Giv_X2 
    Giv_Y1 = Giv_Y2 
  Next II% 
    If MC% = 0 Then 
       Plotcol = &H404040    'dark grey 
       Plot_Log_Square 
     Else 
       MC_Xend(MC_I%) = Giv_X1 
       MC_Yend(MC_I%) = Giv_Y1 
     End If 
     
End Sub 
 
 
Sub Scale_Graph() 
 
For I% = 3 To 9 
  Plot_Y1 = Picture1.Height * (1 - (Log(I%) - Log(Y_Min)) / (Log(Y_Max) - Log(Y_Min))) 
  Plot_X1 = 0 
  Plot_X2 = 120 
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X2, Plot_Y1) 
  Plot_X1 = Picture1.Width 
  Plot_X2 = Picture1.Width - 200 
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X2, Plot_Y1) 
Next I% 
 
Plot_Y1 = Picture1.Height 
Plot_Y2 = Picture1.Height - 200 
For I% = 1 To 2 
  Plot_X1 = Picture1.Width * I% / 2.477 
  ' that is log(3E7)-5 
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X1, Plot_Y2) 
Next I% 
Plot_Y1 = 0 
Plot_Y2 = 120 
For I% = 1 To 2 
  Plot_X1 = Picture1.Width * I% / 2.477 
  ' that is log(3E7)-5 
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X1, Plot_Y2) 
Next I% 
 
End Sub 
 
Sub Plot_Data() 
Picture1.DrawWidth = 2 
 
For I% = 1 To 13 
  If Sa_Type$(I%) = "Bedrock" Then Plotcol = &HC0&       ' red 
  If Sa_Type$(I%) = "Soil" Then Plotcol = &H8000&     'green 
  If Sa_Type$(I%) = "Clasts" Then Plotcol = &HC00000    'blue 
  'first x-error part of cross 
  Plot_X1 = Picture1.Width * (Log(Val10Be(I%) - 2 * Err10Be(I%)) - Log(X_Min)) / (Log(X_Max) - 
Log(X_Min)) 
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  Plot_X2 = Picture1.Width * (Log(Val10Be(I%) + 2 * Err10Be(I%)) - Log(X_Min)) / (Log(X_Max) 
- Log(X_Min)) 
  Plot_Y1 = Picture1.Height * (1 - (Log(Val26Al(I%) / Val10Be(I%)) - Log(Y_Min)) / (Log(Y_Max) 
- Log(Y_Min))) 
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X2, Plot_Y1), Plotcol 
  'then y-error part of cross 
  Term1 = Val26Al(I%) / Val10Be(I%) 
  Term2 = Term1 * Sqr((Err10Be(I%) / Val10Be(I%)) ^ 2 + (Err26Al(I%) / Val26Al(I%)) ^ 2) 
  Plot_Y1 = Picture1.Height * (1 - (Log(Term1 + 2 * Term2) - Log(Y_Min)) / (Log(Y_Max) - 
Log(Y_Min))) 
  Plot_Y2 = Picture1.Height * (1 - (Log(Term1 - 2 * Term2) - Log(Y_Min)) / (Log(Y_Max) - 
Log(Y_Min))) 
  Plot_X1 = Picture1.Width * (Log(Val10Be(I%) - Sqr(2) * Err10Be(I%)) - Log(X_Min)) / 
(Log(X_Max) - Log(X_Min)) 
  Plot_X2 = Picture1.Width * (Log(Val10Be(I%) + Sqr(2) * Err10Be(I%)) - Log(X_Min)) / 
(Log(X_Max) - Log(X_Min)) 
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X2, Plot_Y2), Plotcol 
Next I% 
  'plotting average of outcrop data 
  Plot_X1 = Picture1.Width * (Log(OutcrAv10Be - OutcrSD10Be) - Log(X_Min)) / (Log(X_Max) - 
Log(X_Min)) 
  Plot_X2 = Picture1.Width * (Log(OutcrAv10Be + OutcrSD10Be) - Log(X_Min)) / (Log(X_Max) - 
Log(X_Min)) 
  Plot_Y1 = Picture1.Height * (1 - (Log(Outcr26_10) - Log(Y_Min)) / (Log(Y_Max) - Log(Y_Min))) 
  'Plot_Y1 = 2000 
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X2, Plot_Y1) 
  Plot_Y1 = Picture1.Height * (1 - (Log(Outcr26_10 + OutSD26_10) - Log(Y_Min)) / (Log(Y_Max) - 
Log(Y_Min))) 
  Plot_Y2 = Picture1.Height * (1 - (Log(Outcr26_10 - OutSD26_10) - Log(Y_Min)) / (Log(Y_Max) - 
Log(Y_Min))) 
  Plot_X1 = Picture1.Width * (Log(OutcrAv10Be) - Log(X_Min)) / (Log(X_Max) - Log(X_Min)) 
   
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X1, Plot_Y2) 
    
End Sub 
 
Sub Plot_Log() 
  Plot_X1 = Picture1.Width * (Log(Giv_X1) - Log(X_Min)) / (Log(X_Max) - Log(X_Min)) 
  Plot_X2 = Picture1.Width * (Log(Giv_X2) - Log(X_Min)) / (Log(X_Max) - Log(X_Min)) 
  Plot_Y1 = Picture1.Height * (1 - (Log(Giv_Y1) - Log(Y_Min)) / (Log(Y_Max) - Log(Y_Min))) 
  Plot_Y2 = Picture1.Height * (1 - (Log(Giv_Y2) - Log(Y_Min)) / (Log(Y_Max) - Log(Y_Min))) 
  Picture1.Line (Plot_X1, Plot_Y1)-(Plot_X2, Plot_Y2), Plotcol 
  End Sub 
 
Sub Plot_Log_Square() 'plortting a square to mark a given point 
  Plot_X1 = Picture1.Width * (Log(Giv_X1) - Log(X_Min)) / (Log(X_Max) - Log(X_Min)) 
  Plot_Y1 = Picture1.Height * (1 - (Log(Giv_Y1) - Log(Y_Min)) / (Log(Y_Max) - Log(Y_Min))) 
  Picture1.Line ((Plot_X1 - 20), (Plot_Y1 - 20))-((Plot_X1 + 20), (Plot_Y1 - 20)), Plotcol 
  Picture1.Line ((Plot_X1 - 20), (Plot_Y1 - 20))-((Plot_X1 - 20), (Plot_Y1 + 20)), Plotcol 
  Picture1.Line ((Plot_X1 + 20), (Plot_Y1 - 20))-((Plot_X1 + 20), (Plot_Y1 + 20)), Plotcol 
  Picture1.Line ((Plot_X1 - 20), (Plot_Y1 + 20))-((Plot_X1 + 20), (Plot_Y1 + 20)), Plotcol 
End Sub 
 
Private Sub Random_Inv_Norm() 
XNum = Rnd 
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If XNum <= 0.5 Then 
  YNum = 2 * (XNum - 0.5) - 0.5 * Exp(-300 * XNum) - 0.5 * Exp(-30 * XNum) - Exp(-7 * XNum) 
+ 0.0302 
Else 
  YNum = 2 * (XNum - 0.5) + 0.5 * Exp(-300 * (1 - XNum)) + 0.5 * Exp(-30 * (1 - XNum)) + Exp(-7 
* (1 - XNum)) - 0.0302 
End If 
End Sub 
 
Sub Read_Data_File() 
 Open "RS_AlBe_Data.csv" For Input As #2 
 Line Input #2, DummyLine$ 
 For I% = 1 To 13 
 Input #2, Sa_Nm$(I%), Sa_Type$(I%), Val10Be(I%), Err10Be(I%), Val26Al(I%), Err26Al(I%) 
 Next I% 
 Close #2 
End Sub 
Appendix E2: Direct calculation of residence times 
 
Dim Sum_Z_Soil, Sum_Res_Time, Sum_Z_S_diff, Sum_Res_T_Diff 
Dim Sum_PR_10Be_Soil, Sum_PR_26Al_Soil, Sum_P10_Diff_Soil, Sum_P26_Diff_Soil 'sums for 
MC 
'to get C's for quartz in rock. note attenuation lengths are defined here 
'separately from the main program, see Balco 2017 for reason re muons 
  'these are input value 
' Based on (in main array input) 
' Sa_Type$(I%), Val10Be(I%), Err10Be(I%), Val26Al(I%), Err26Al(I%) 
Dim C10_Soil, C26_Soil, C10Err_S, C26Err_S 'also input values, 
' Z_rock_inp derived for each MC cycle from Z_rock_input and its uncertainty 
Dim Pr10Calc_Soil, Pr26Calc_Soil, Res_Time_Calc 
Dim Time_Res(1001), PR10_Soil(1001), PR26_Soil(1001), ZMix_Soil(1001) 
Dim ZMix_Try, ZMix_Max, Zmix_Min, PR10_Try, DifMax, Repeat% 'for successive approximation 
' the 1001 arrays are for MC error propagation. (0) is for centre value. 
Dim MC%, MC_Rept%, MC_Success% 'counter for Monte Carlo. MC_Rept% counts successful 
solutions. 
 
' incorporate these as single values so that they can be used again and again 
'in calculations and only the input values come from array and the output 
'values go into array. 
 
Sub form_load() 
  For I% = 0 To 9 
    Label6(I%).Caption = " " 
    Label7(I%).Caption = " " 
    Label8(I%).Caption = " " 
    Label9(I%).Caption = " " 
    Label10(I%).Caption = " " 
    Label11(I%).Caption = " " 
    Label12(I%).Caption = " " 
    Label13(I%).Caption = " " 
    Label14(I%).Caption = " " 
    Label15(I%).Caption = " " 
    Label16(I%).Caption = " " 
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    Label17(I%).Caption = " " 
  Next I% 
    
  Text1.Text = Z_Rock_Input: Text2.Text = Z_Rock_Err 
  Text3.Text = EroRate_Rock * 10 'show as m/Ma rather than cm/ka 
  Text12.Text = EroErr_Rock * 10 'show as m/Ma rather than cm/ka 
  Text4.Text = ProdSpall10Be: Text5.Text = ProdMuon10Be 
  Text6.Text = ProdSpall26Al: Text7.Text = ProdMuon26Al 
  Text8.Text = L_Spall_Rock 'same value asa for soil 
  Text9.Text = Atten_Muon 
  Text10.Text = L_eff_Muon_Rock 
   
  DifMax = 1 'difference limit for approximation 
  MC_Rept% = 500 
   
If BusySaving% = 0 Then 
   Text11.Enabled = True 
   Text11.Text = " " 
   Command2.Enabled = False 
   Command3.Enabled = False 
Else 
   Text11.Text = SaveName$ 
   Text11.Enabled = False 
   Command2.Enabled = True 
   Command3.Enabled = True 
End If 
 
End Sub 
Private Sub Command1_Click() 
    
   Call Find_Samples 
End Sub 
'Procedure: 
'(1) get input (concentration and uncertainty) values from data array 
'(2) calculate values for rock as source material 
'(3) calculate soil production values and residence time from data 
'(4) calculate soil turbation depth from production values by successive approximation 
'(2 to 4) done first for centre values and then using Monte Carlo to get uncertainties. 
 
Sub Find_Samples() 
N_Output% = 0 
For I% = 1 To N_Smp% 
  Incl%(I%) = 0 
Next I% 
For I% = 1 To N_Smp% 
 If Sa_Type$(I%) = "Soil" Or Sa_Type$(I%) = "Clasts" Then 
  N_Output% = N_Output% + 1 
   Incl%(I%) = 1 
   MC% = 0 
   Z_Rock_inp = Z_Rock_Input 
   C10_Soil = Val10Be(I%) 
   C26_Soil = Val26Al(I%) 
     Call Calc_Conc_Rock 
     Call Calculate_Parameters 
     MixDepthCalc(I%) = ZMix_Soil(MC%) 
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     ResTimeCalc(I%) = Time_Res(MC%) 
     Label6(N_Output% - 1).Caption = Sa_Nm$(I%) 
     Label7(N_Output% - 1).Caption = Format(Val10Be(I%), "#######0") 
     Label8(N_Output% - 1).Caption = Format(Err10Be(I%), "#######0") 
     Label9(N_Output% - 1).Caption = Format(Val26Al(I%), "#######0") 
     Label10(N_Output% - 1).Caption = Format(Err26Al(I%), "#######0") 
     Label11(N_Output% - 1).Caption = Format(MixDepthCalc(I%), "###0") 
     Label14(N_Output% - 1).Caption = Format(ResTimeCalc(I%), "####0") 
   'For Monte Carlo procedure: 
     Sum_Z_Soil = 0 
     Sum_Res_Time = 0 
     MC_Success% = 0 
 'think a bit here .... put Calc_Conc_Rock and Call Calculate_Parameters in one sub 
 'together, because exit sub gives a non-solution for ony one of them. 
     For MC% = 1 To MC_Rept% 
       XNum = Z_Rock_Input 
       Call Random_Inv_Norm_2 
       Z_Rock_inp = Z_Rock_Input + YNum * Z_Rock_Err 
       If Z_Rock_inp < 1 Then Z_Rock_inp = 1 
       XNum = Val10Be(I%) 
       Call Random_Inv_Norm_2 
       C10_Soil = Val10Be(I%) + YNum * Err10Be(I%) 
       XNum = Val26Al(I%) 
       Call Random_Inv_Norm_2 
       C26_Soil = Val26Al(I%) + YNum * Err26Al(I%) 
        Call Calc_Conc_Rock 
        Call Calculate_Parameters 
      Next MC% 
      Call MonteCarlo_Average_SD 
      Label12(N_Output% - 1).Caption = Format(MixDC_Av(I%), "###0") 
      Label13(N_Output% - 1).Caption = Format(MixDerrCalc(I%), "###0") 
      Label15(N_Output% - 1).Caption = Format(ResTimeCAv(I%), "####0") 
      Label16(N_Output% - 1).Caption = Format(ResTimeErr(I%), "####0") 
      Label17(N_Output% - 1).Caption = N_Incl%(I%) 
   End If 
Next I% 
End Sub 
Sub Calc_Conc_Rock() 
' production rates as depth Z Note all set to kyr not yr or Ma 
'ProdSpall10Be = 8.8: ProdMuon10Be = 0.12 
'ProdSpall26Al = 59: ProdMuon26Al = 1.135 
PR10_Sp_Rock = ProdSpall10Be * 1000 * Exp(-Z_Rock_inp * Dens_Rock / L_Spall_Rock) 
PR10_Mu_Rock = ProdMuon10Be * 1000 * Exp(-Z_Rock_inp * Dens_Rock / L_eff_Muon_Rock) 
PR26_Sp_Rock = ProdSpall26Al * 1000 * Exp(-Z_Rock_inp * Dens_Rock / L_Spall_Rock) 
PR26_Mu_Rock = ProdMuon26Al * 1000 * Exp(-Z_Rock_inp * Dens_Rock / L_eff_Muon_Rock) 
' Concentrations following Balco (2017) model 2 
Temp_A = PR10_Sp_Rock / (0.001 * Lambda10Be + EroRate_Rock * Dens_Rock / L_Spall_Rock) 
Temp_B = PR10_Mu_Rock / (0.001 * Lambda10Be + EroRate_Rock * Dens_Rock / 
L_eff_Muon_Rock) 
Temp_C = PR26_Sp_Rock / (0.001 * Lambda26Al + EroRate_Rock * Dens_Rock / L_Spall_Rock) 
Temp_D = PR26_Mu_Rock / (0.001 * Lambda26Al + EroRate_Rock * Dens_Rock / 
L_eff_Muon_Rock) 
C10_Rock = Temp_A + Temp_B 
C26_Rock = Temp_C + Temp_D 
If MC% = 0 Then 
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  Ero_10Be = C10_Rock ' saving concentrations as end members for mixing curve 
  Ero_26Al = C26_Rock 
End If 
End Sub 
Sub Calculate_Parameters() 
  
 Param_A = C10_Soil - C10_Rock 
 Param_B = C26_Soil - C26_Rock 
   'Equation below based on setting residence time equal for both nuclides 
 Pr10Calc_Soil = (C10_Soil * 0.001 * Lambda10Be / Param_A - C26_Soil * 0.001 * Lambda26Al / 
Param_B) / (1 / Param_A - PR26_10_Ratio / Param_B) 
 Pr26Calc_Soil = Pr10Calc_Soil * PR26_10_Ratio 
 Res_Time_Calc = Param_A / (Pr10Calc_Soil - C10_Soil * 0.001 * Lambda10Be) 
  
 'Turbation depth of soil calculated by successive approximation of integral 
 'ín Granger and Riebe 2014 
  
 ZMix_Max = 1000 'starting value 
 Zmix_Min = 10 
 Repeat% = 0 
  
Getdepth: 
Repeat% = Repeat% + 1 
If Repeat > 20 Then 
  If MC% = 0 Then ZMix_Soil(0) = 0: Time_Res(0) = 0 
  Exit Sub 
End If 
ZMix_Try = (ZMix_Max + Zmix_Min) / 2 
Temp_E = ProdSpall10Be * 1000 * Atten_Depth / (Rho_Soil * ZMix_Try) * (1 - Exp(-Rho_Soil * 
ZMix_Try / Atten_Depth)) 
Temp_F = ProdMuon10Be * 1000 * Atten_Muon / (Rho_Soil * ZMix_Try) * (1 - Exp(-Rho_Soil * 
ZMix_Try / Atten_Muon)) 
PR10_Try = Temp_E + Temp_F 
If Abs(PR10_Try - Pr10Calc_Soil) < DifMax Then 
 If MC% > 0 Then 
  MC_Success% = MC_Success% + 1 ' that is the counter for Monte Carlo 
  ZMix_Soil(MC_Success%) = ZMix_Try 
  PR10_Soil(MC_Success%) = Pr10Calc_Soil 
  PR26_Soil(MC_Success%) = Pr26Calc_Soil 
  Time_Res(MC_Success%) = Res_Time_Calc 
 Else   'these are the centre values 
  ZMix_Soil(0) = ZMix_Try 
  PR10_Soil(0) = Pr10Calc_Soil 
  PR26_Soil(0) = Pr26Calc_Soil 
  Time_Res(0) = Res_Time_Calc 
 End If 
 Exit Sub 
End If 
If PR10_Try > Pr10Calc_Soil Then Zmix_Min = ZMix_Try: GoTo Getdepth 
If PR10_Try < Pr10Calc_Soil Then ZMix_Max = ZMix_Try: GoTo Getdepth 
  
End Sub 
Private Sub Text1_KeyPress(KeyAscii As Integer) 
  Text1.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
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       Text1.ForeColor = &H0& 
       Z_Rock_Input = Val(Text1.Text) 
     End If 
End Sub 
Private Sub Text2_KeyPress(KeyAscii As Integer) 
  Text2.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text2.ForeColor = &H0& 
       Z_Rock_Err = Val(Text2.Text) 
     End If 
End Sub 
Private Sub Text3_KeyPress(KeyAscii As Integer) 
  Text3.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text3.ForeColor = &H0& 
       EroRate_Rock = Val(Text3.Text) / 10 'converting to cm/ka 
     End If 
End Sub 
Private Sub Text12_KeyPress(KeyAscii As Integer) 
  Text12.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text12.ForeColor = &H0& 
       EroErr_Rock = Val(Text12.Text) / 10 'converting to cm/ka 
     End If 
End Sub 
'  Text4.Text = ProdSpall10Be: Text5.Text = ProdMuon10Be 
'  Text6.Text = ProdSpall26Al: Text7.Text = ProdMuon26Al 
 
 
Private Sub Text4_KeyPress(KeyAscii As Integer) 
  Text4.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text4.ForeColor = &H0& 
       ProdSpall10Be = Val(Text4.Text) 
     End If 
End Sub 
Private Sub Text5_KeyPress(KeyAscii As Integer) 
  Text5.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text5.ForeColor = &H0& 
       ProdMuon10Be = Val(Text5.Text) 
     End If 
End Sub 
Private Sub Text6_KeyPress(KeyAscii As Integer) 
  Text6.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text6.ForeColor = &H0& 
       ProdSpall26Al = Val(Text6.Text) 
     End If 
End Sub 
Private Sub Text7_KeyPress(KeyAscii As Integer) 
  Text7.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text7.ForeColor = &H0& 
       ProdMuon26Al = Val(Text7.Text) 
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     End If 
End Sub 
Private Sub Text8_KeyPress(KeyAscii As Integer) 
  Text8.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text8.ForeColor = &H0& 
       L_Spall_Rock = Val(Text8.Text) 
     End If 
End Sub 
Private Sub Text9_KeyPress(KeyAscii As Integer) 
  Text9.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text9.ForeColor = &H0& 
       Atten_Muon = Val(Text9.Text) 
     End If 
End Sub 
Private Sub Text10_KeyPress(KeyAscii As Integer) 
  Text10.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text10.ForeColor = &H0& 
       L_eff_Muon_Rock = Val(Text10.Text) 
     End If 
End Sub 
Private Sub Text11_KeyPress(KeyAscii As Integer) 
  Text11.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text11.ForeColor = &H0& 
       SaveName$ = Text11.Text + "_DC.csv" 
       Command2.Enabled = True 
       Text11.Text = SaveName$ 
     End If 
End Sub 
Private Sub Command2_Click() 
  Call Module1.Save_Headings_DC 
  Command3.Enabled = True 
End Sub 
Private Sub Command3_Click() 
  If BusySaving% = 1 Then Call Module1.Close_Results_DC 
  Command3.Enabled = False 
  Command2.Enabled = False 
End Sub 
 
Private Sub MonteCarlo_Average_SD() 
  'averages 
  Sum_Z_Soil = 0 
  Sum_Res_Time = 0 
  Sum_PR_10Be_Soil = 0 
  Sum_PR_26Al_Soil = 0 
  If MC_Success% > 1 Then 
   For MC_I% = 1 To MC_Success% 
    Sum_PR_10Be_Soil = Sum_PR_10Be_Soil + PR10_Soil(MC_I%) 
    Sum_PR_26Al_Soil = Sum_PR_26Al_Soil + PR26_Soil(MC_I%) 
    Sum_Z_Soil = Sum_Z_Soil + ZMix_Soil(MC_I%) 
    Sum_Res_Time = Sum_Res_Time + Time_Res(MC_I%) 
   Next MC_I% 
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   'PR10_Err_Calc, PR26_Err_Calc 
   PR10_Av_Calc(I%) = Sum_PR_10Be_Soil / MC_Success% 
   PR26_Av_Calc(I%) = Sum_PR_26Al_Soil / MC_Success% 
   MixDC_Av(I%) = Sum_Z_Soil / MC_Success% 
   ResTimeCAv(I%) = Sum_Res_Time / MC_Success% 
   'Standard deviations 
   Sum_Z_S_diff = 0 
   Sum_Res_T_Diff = 0 
   Sum_P10_Diff_Soil = 0 
   Sum_P26_Diff_Soil = 0 
   For MC_I% = 1 To MC_Success% 
    Sum_P10_Diff_Soil = Sum_P10_Diff_Soil + (PR10_Soil(MC_I%) - PR10_Av_Calc(I%)) ^ 2 
    Sum_P26_Diff_Soil = Sum_P26_Diff_Soil + (PR26_Soil(MC_I%) - PR26_Av_Calc(I%)) ^ 2 
    Sum_Z_S_diff = Sum_Z_S_diff + (ZMix_Soil(MC_I%) - MixDC_Av(I%)) ^ 2 
    Sum_Res_T_Diff = Sum_Res_T_Diff + (Time_Res(MC_I%) - ResTimeCAv(I%)) ^ 2 
   Next MC_I% 
   PR10_Err_Calc(I%) = Sqr(Sum_P10_Diff_Soil / (MC_Success% - 1)) 
   PR26_Err_Calc(I%) = Sqr(Sum_P26_Diff_Soil / (MC_Success% - 1)) 
   MixDerrCalc(I%) = Sqr(Sum_Z_S_diff / (MC_Success% - 1)) 
   ResTimeErr(I%) = Sqr(Sum_Res_T_Diff / (MC_Success% - 1)) 
  Else 
   PR10_Av_Calc(I%) = 0: PR10_Err_Calc(I%) = 0 
   PR26_Av_Calc(I%) = 0: PR26_Err_Calc(I%) = 0 
   MixDC_Av(I%) = 0: MixDerrCalc(I%) = 0 
   ResTimeCAv(I%) = 0: ResTimeErr(I%) = 0 
  End If 
  N_Incl%(I%) = MC_Success% 
End Sub 
Private Sub Random_Inv_Norm_2() 
XNum = Rnd 
If XNum <= 0.5 Then 
  YNum = 2 * (XNum - 0.5) - 0.5 * Exp(-300 * XNum) - 0.5 * Exp(-30 * XNum) - Exp(-7 * XNum) 
+ 0.0302 
Else 
  YNum = 2 * (XNum - 0.5) + 0.5 * Exp(-300 * (1 - XNum)) + 0.5 * Exp(-30 * (1 - XNum)) + Exp(-7 
* (1 - XNum)) - 0.0302 
End If 
End Sub 
 
Appendix E3: Direct calculation of burial ages 
 
'to get C's for quartz in rock. note attenuation lengths are defined here 
'separately from the main program, see Balco 2017 for reason re muons 
  'these are input value 
' Based on (in main array input) 
' Sa_Type$(I%), Val10Be(I%), Err10Be(I%), Val26Al(I%), Err26Al(I%) 
 
Dim B_Age_Max, B_Age_Min, B_Age_Try 'flexible limits for iterative approximation 
Dim Val10Be_0, Val26Al_0, Val26Al_S  'calculated back using decay law and 26Al in soil from 
Val10Be_0 
 
'Calculated values that get repeated in each MC cycle for each sample 
Dim Z_Rock_Inp ' Z_rock_inp derived for each MC cycle from Z_rock_input and its uncertainty 
Dim Cv_10Be, Cv_26Al, ZM_Soil ' cave sed concentrations of 10Be and 26Al, Soil depth mixing 
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Dim P10_Soil, P26_Soil 
Dim C10_Soil, C26_Soil 
Dim B_Age(1001), Time_Res(1001) 'going into the Monte Carlo avereges and uncertainties 
Dim Sum_B_Age, Sum_Time_Res, Sumdif_B_Age, SumDif_Time_Res 
 
' the 1001 arrays are for MC error propagation. (0) is for centre value. 
' incorporate these as single values so that they can be used again and again 
'in calculations and only the input values come from array and theoutput 
'values go into array. 
 
Sub form_load() 
  For I% = 0 To 9 
    Label6(I%).Caption = " " 
    Label7(I%).Caption = " " 
    Label8(I%).Caption = " " 
    Label9(I%).Caption = " " 
    Label10(I%).Caption = " " 
    Label14(I%).Caption = " " 
    Label15(I%).Caption = " " 
    Label16(I%).Caption = " " 
    Label17(I%).Caption = " " 
  Next I% 
      
  Text1.Text = Z_Rock_Input: Text2.Text = Z_Rock_Err 
  Text3.Text = EroRate_Rock * 10 'show as m/Ma rather than cm/ka 
  Text12.Text = EroErr_Rock * 10 'show as m/Ma rather than cm/ka 
  Text4.Text = ProdSpall10Be: Text5.Text = ProdMuon10Be 
  Text6.Text = ProdSpall26Al: Text7.Text = ProdMuon26Al 
  Text8.Text = L_Spall_Rock 'same value asa for soil 
  Text9.Text = Atten_Muon 
  Text10.Text = L_eff_Muon_Rock 
   
  For I% = 1 To 10 
     ZMix_Input(I%) = ZMix_Giv 
     ZMix_InpEr(I%) = ZMix_Giv / 4 
     'default vaues that can be changed for individual samples 
     Text13(I% - 1).Text = ZMix_Input(I%) 
     Text14(I% - 1).Text = ZMix_InpEr(I%) 
   Next I% 
    
   MC_Rept% = MC_Iter% 
   
'If BusySaving% = 0 Then 
'   Text11.Enabled = True 
'   Text11.Text = " " 
'   Command2.Enabled = False 
'   Command3.Enabled = False 
'Else 
'   Text11.Text = SaveName$ 
'   Text11.Enabled = False 
'   Command2.Enabled = True 
'   Command3.Enabled = True 
'End If 
   Call Find_Cave_Samples 
End Sub 
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Private Sub Command1_Click() 
Call Calculate_All 
Call MC_Calculate_All 
'Procedure: 
'(1) get input (concentration and uncertainty) values from data array (done in find_cave_samples) 
'(2) calculate values for rock as source material - only one value 
'(3) calculate soil production values from given soil depth - for each sample 
'(4) do the iterative approximation for burial age; 
'    calculate exponential decays backwards for a given burial age B_Age, this gives Val10Be_0 and 
Val26Al_0 
'    Calculate Val26Al_S as function of Val10Be_0 in steady state mixed soil 
'    If Val26Al_S is greater than Val26Al then reduce thr input burial age B_Age and vice versa 
End Sub 
 
Sub Find_Cave_Samples() 
N_Output% = 0 
 
For I% = 1 To N_Smp% 
 If Sa_Type$(I%) = "Cave" Then 
  N_Output% = N_Output% + 1 
     Cave_Nm$(N_Output%) = Sa_Nm$(I%) 
     Cave_10Be(N_Output%) = Val10Be(I%) 
     Cave_26Al(N_Output%) = Val26Al(I%) 
     Cerr_10Be(N_Output%) = Err10Be(I%) 
     Cerr_26Al(N_Output%) = Err26Al(I%) 
  End If 
 Next I% 
  For I% = 1 To N_Output% 
     Label6(I% - 1).Caption = Cave_Nm$(I%) 
     Label7(I% - 1).Caption = Format(Cave_10Be(I%), "#######0") 
     Label8(I% - 1).Caption = Format(Cerr_10Be(I%), "#######0") 
     Label9(I% - 1).Caption = Format(Cave_26Al(I%), "#######0") 
     Label10(I% - 1).Caption = Format(Cerr_26Al(I%), "#######0") 
 Next I% 
End Sub 
Private Sub Calculate_All() 
 MC% = 0 
 For I% = 1 To N_Output% 
   Z_Rock_Inp = Z_Rock_Input 
   Cv_10Be = Cave_10Be(I%) 
   Cv_26Al = Cave_26Al(I%) 
   ZM_Soil = ZMix_Input(I%) 
   Call Calc_Conc_Rock 
   Call Calc_Burial_Age 
   Call Calc_Pre_Burial_Res_Time 
 Next I% 
End Sub 
Private Sub MC_Calculate_All() 
 MC% = 1 
For I% = 1 To N_Output% 
 For II% = 1 To MC_Rept% 
   Call Random_Inv_Norm_3 
   Z_Rock_Inp = Z_Rock_Input + YNum * Z_Rock_Err 
   Call Random_Inv_Norm_3 
   Cv_10Be = Cave_10Be(I%) + YNum * Cerr_10Be(I%) 
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   Call Random_Inv_Norm_3 
   Cv_26Al = Cave_26Al(I%) + YNum * Cerr_26Al(I%) 
   Call Random_Inv_Norm_3 
   ZM_Soil = ZMix_Input(I%) + YNum * ZMix_InpEr(I%) 
   Call Calc_Conc_Rock 
   Call Calc_Burial_Age 
   Call Calc_Pre_Burial_Res_Time 
  Next II% 
  Call MonteCarlo_Average_SD_2 
 Next I% 
 For I% = 1 To N_Output% 
    Label14(I% - 1).Caption = Format(Burial_Age(I%), "####0.0") 
    Label15(I% - 1).Caption = Format(Burial_AEr(I%), "####0.0") 
    Label16(I% - 1).Caption = Format(Pre_B_ResTime(I%), "####0.0") 
    Label17(I% - 1).Caption = Format(Pre_B_ResTer(I%), "####0.0") 
   Next I% 
End Sub 
 
Private Sub Calc_Burial_Age() 
  B_Age_Max = 10000 'in ka 
  B_Age_Min = 0 
     
  'calculate production rate in soil as function of given depth 
  Temp_E = ProdSpall10Be * 1000 * Atten_Depth / (Rho_Soil * ZM_Soil) * (1 - Exp(-Rho_Soil * 
ZM_Soil / Atten_Depth)) 
  Temp_F = ProdMuon10Be * 1000 * Atten_Muon / (Rho_Soil * ZM_Soil) * (1 - Exp(-Rho_Soil * 
ZM_Soil / Atten_Muon)) 
  P10_Soil = Temp_E + Temp_F 
  Temp_E = ProdSpall26Al * 1000 * Atten_Depth / (Rho_Soil * ZM_Soil) * (1 - Exp(-Rho_Soil * 
ZM_Soil / Atten_Depth)) 
  Temp_F = ProdMuon26Al * 1000 * Atten_Muon / (Rho_Soil * ZM_Soil) * (1 - Exp(-Rho_Soil * 
ZM_Soil / Atten_Muon)) 
  P26_Soil = Temp_E + Temp_F 
 
  'set try age 
try_age: 
  If B_Age_Max - B_Age_Min < 1 Then 
   If MC% = 0 Then 
    B_Age(0) = (B_Age_Max + B_Age_Min) / 2 
    'Label14(I% - 1).Caption = Format(B_Age(0), "###0.0") 
   Else 
    B_Age(II%) = (B_Age_Max + B_Age_Min) / 2 
   End If 
   ' plotting option: 
   If Check1(I% - 1).Value = 1 Then 
     ' Giv_X1 = Cv_10Be 
     ' Giv_Y1 = Cv_26Al / Cv_10Be 
     ' Giv_X2 = Val10Be_0 
     ' Giv_Y2 = Val26Al_0 / Val10Be_0 
      ' Call Form1.Plot_Log_2 
      '  the lines cover everything 
     Giv_X1 = Cv_10Be 
     Giv_Y1 = Cv_26Al / Cv_10Be 
      Call Form1.Plot_Log_Square_2 
     Giv_X1 = Val10Be_0 
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     Giv_Y1 = Val26Al_0 / Val10Be_0 
      Call Form1.Plot_Log_Square_2 
   End If 
   Exit Sub 
  End If 
  'calculating decay backwards 
  B_Age_Try = (B_Age_Max + B_Age_Min) / 2 
  Val10Be_0 = Cv_10Be * Exp(B_Age_Try * Lambda10Be / 1000) 
  Val26Al_0 = Cv_26Al * Exp(B_Age_Try * Lambda26Al / 1000) 
  'calculating Val26Al_S 
  Temp_A = C26_Rock * (P10_Soil - Val10Be_0 * Lambda10Be / 1000) 
  Temp_B = P26_Soil * (Val10Be_0 - C10_Rock) 
  Temp_C = P10_Soil + Val10Be_0 * (Lambda26Al - Lambda10Be) / 1000 
  Temp_D = C10_Rock * Lambda26Al / 1000 
  Val26Al_S = (Temp_A + Temp_B) / (Temp_C - Temp_D) 
  If Val26Al_S > Val26Al_0 Then B_Age_Min = B_Age_Try 
  If Val26Al_S < Val26Al_0 Then B_Age_Max = B_Age_Try 
  GoTo try_age 
End Sub 
 
Private Sub Calc_Pre_Burial_Res_Time() 
  'uses 10-Be values 
  If MC% = 0 Then 
   Time_Res(0) = (Val10Be_0 - C10_Rock) / (P10_Soil - Val10Be_0 * Lambda10Be / 1000) 
   Label16(I% - 1) = Format(Time_Res(0), "####0") 
  Else 
   Time_Res(II%) = (Val10Be_0 - C10_Rock) / (P10_Soil - Val10Be_0 * Lambda10Be / 1000) 
  End If 
End Sub 
  
Private Sub Calc_Conc_Rock() 
' production rates as depth Z Note all set to kyr not yr or Ma 
'ProdSpall10Be = 8.8: ProdMuon10Be = 0.12 
'ProdSpall26Al = 59: ProdMuon26Al = 1.135 
PR10_Sp_Rock = ProdSpall10Be * 1000 * Exp(-Z_Rock_Inp * Dens_Rock / L_Spall_Rock) 
PR10_Mu_Rock = ProdMuon10Be * 1000 * Exp(-Z_Rock_Inp * Dens_Rock / L_eff_Muon_Rock) 
PR26_Sp_Rock = ProdSpall26Al * 1000 * Exp(-Z_Rock_Inp * Dens_Rock / L_Spall_Rock) 
PR26_Mu_Rock = ProdMuon26Al * 1000 * Exp(-Z_Rock_Inp * Dens_Rock / L_eff_Muon_Rock) 
' Concentrations following Balco (2017) model 2 
Temp_A = PR10_Sp_Rock / (0.001 * Lambda10Be + EroRate_Rock * Dens_Rock / L_Spall_Rock) 
Temp_B = PR10_Mu_Rock / (0.001 * Lambda10Be + EroRate_Rock * Dens_Rock / 
L_eff_Muon_Rock) 
Temp_C = PR26_Sp_Rock / (0.001 * Lambda26Al + EroRate_Rock * Dens_Rock / L_Spall_Rock) 
Temp_D = PR26_Mu_Rock / (0.001 * Lambda26Al + EroRate_Rock * Dens_Rock / 
L_eff_Muon_Rock) 
C10_Rock = Temp_A + Temp_B 
C26_Rock = Temp_C + Temp_D 
If MC% = 0 Then 
  Ero_10Be = C10_Rock ' saving concentrations as end members for mixing curve 
  Ero_26Al = C26_Rock 
End If 
End Sub 
 
Private Sub Text1_KeyPress(KeyAscii As Integer) 
  Text1.ForeColor = &HFF& 
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     If KeyAscii = 13 Then 
       Text1.ForeColor = &H0& 
       Z_Rock_Input = Val(Text1.Text) 
     End If 
End Sub 
Private Sub Text2_KeyPress(KeyAscii As Integer) 
  Text2.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text2.ForeColor = &H0& 
       Z_Rock_Err = Val(Text2.Text) 
     End If 
End Sub 
Private Sub Text3_KeyPress(KeyAscii As Integer) 
  Text3.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text3.ForeColor = &H0& 
       EroRate_Rock = Val(Text3.Text) / 10 'converting to cm/ka 
     End If 
End Sub 
Private Sub Text12_KeyPress(KeyAscii As Integer) 
  Text12.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text12.ForeColor = &H0& 
       EroErr_Rock = Val(Text12.Text) / 10 'converting to cm/ka 
     End If 
End Sub 
'  Text4.Text = ProdSpall10Be: Text5.Text = ProdMuon10Be 
'  Text6.Text = ProdSpall26Al: Text7.Text = ProdMuon26Al 
Private Sub Text13_KeyPress(Index As Integer, KeyAscii As Integer) 
  Text13(Index).ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text13(Index).ForeColor = &H0& 
       ZMix_Input(Index + 1) = Val(Text13(Index).Text) 
     End If 
End Sub 
Private Sub Text14_KeyPress(Index As Integer, KeyAscii As Integer) 
  Text14(Index).ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text14(Index).ForeColor = &H0& 
       ZMix_InpEr(Index + 1) = Val(Text14(Index).Text) 
     End If 
End Sub 
Private Sub Text4_KeyPress(KeyAscii As Integer) 
  Text4.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text4.ForeColor = &H0& 
       ProdSpall10Be = Val(Text4.Text) 
     End If 
End Sub 
Private Sub Text5_KeyPress(KeyAscii As Integer) 
  Text5.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text5.ForeColor = &H0& 
       ProdMuon10Be = Val(Text5.Text) 
     End If 
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End Sub 
Private Sub Text6_KeyPress(KeyAscii As Integer) 
  Text6.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text6.ForeColor = &H0& 
       ProdSpall26Al = Val(Text6.Text) 
     End If 
End Sub 
Private Sub Text7_KeyPress(KeyAscii As Integer) 
  Text7.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text7.ForeColor = &H0& 
       ProdMuon26Al = Val(Text7.Text) 
     End If 
End Sub 
Private Sub Text8_KeyPress(KeyAscii As Integer) 
  Text8.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text8.ForeColor = &H0& 
       L_Spall_Rock = Val(Text8.Text) 
     End If 
End Sub 
Private Sub Text9_KeyPress(KeyAscii As Integer) 
  Text9.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text9.ForeColor = &H0& 
       Atten_Muon = Val(Text9.Text) 
     End If 
End Sub 
Private Sub Text10_KeyPress(KeyAscii As Integer) 
  Text10.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text10.ForeColor = &H0& 
       L_eff_Muon_Rock = Val(Text10.Text) 
     End If 
End Sub 
Private Sub Text11_KeyPress(KeyAscii As Integer) 
  Text11.ForeColor = &HFF& 
     If KeyAscii = 13 Then 
       Text11.ForeColor = &H0& 
       SaveName$ = Text11.Text + "_Bur.csv" 
       Command2.Enabled = True 
       Text11.Text = SaveName$ 
     End If 
End Sub 
Private Sub Command2_Click() 
  Call Module1.Save_Burial_Ages 
End Sub 
 
Private Sub MonteCarlo_Average_SD_2() 
  'averages 
' B_Age(1001), Time_Res(1001) 'going into the Monte Carlo avereges and uncertainties 
' Sum_B_Age, Sum_Time_Res, Sumdif_B_Age, SumDif_Time_Res 
' Burial_Age(10), Burial_AEr(10), Pre_B_ResTime(10), Pre_B_ResTer(10) 
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  Sum_B_Age = 0 
  Sum_Time_Res = 0 
   For II% = 1 To MC_Rept% 
    Sum_B_Age = Sum_B_Age + B_Age(II%) 
    Sum_Time_Res = Sum_Time_Res + Time_Res(II%) 
   Next II% 
   'PR10_Err_Calc, PR26_Err_Calc 
   Burial_Age(I%) = Sum_B_Age / MC_Rept% 
   Pre_B_ResTime(I%) = Sum_Time_Res / MC_Rept% 
   'Standard deviations 
   Sumdif_B_Age = 0 
   SumDif_Time_Res = 0 
   For II% = 1 To MC_Rept% 
    Sumdif_B_Age = Sumdif_B_Age + (B_Age(II%) - Burial_Age(I%)) ^ 2 
    SumDif_Time_Res = SumDif_Time_Res + (Time_Res(II%) - Pre_B_ResTime(I%)) ^ 2 
   Next II% 
   Burial_AEr(I%) = 2 * Sqr(Sum_B_Age / (MC_Rept% - 1)) 
   Pre_B_ResTer(I%) = 2 * Sqr(SumDif_Time_Res / (MC_Rept% - 1)) 
End Sub 
 
Private Sub Random_Inv_Norm_3() 
XNum = Rnd 
If XNum <= 0.5 Then 
  YNum = 2 * (XNum - 0.5) - 0.5 * Exp(-300 * XNum) - 0.5 * Exp(-30 * XNum) - Exp(-7 * XNum) 
+ 0.0302 
Else 
  YNum = 2 * (XNum - 0.5) + 0.5 * Exp(-300 * (1 - XNum)) + 0.5 * Exp(-30 * (1 - XNum)) + Exp(-7 
* (1 - XNum)) - 0.0302 
End If 
End Sub 
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Appendix F: (U,Th)-He method development supplementary data 
 
Appendix F1: Furnace design 
 
 
Figure F1: Schematic diagram of the furnace used for He extraction. Designed and built by Jan 
Kramers. 
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Figure F2: Photographs of the furnace and its components. (A) The furnace connected to the extraction 
line. (B) The sapphire window at the top of the furnace that allows viewing of the samples during 
heating. (C) The heating element and quartz tube for the samples. (D) The quartz tube containing the 
copper-wrapped samples after heating.  
 
Appendix F2: Visual basic code of program (U,Th)-He-age_V3 
 
Module 1 
 
Attribute VB_Name = "Module1" 
Option Explicit 
'Incorporates errors on decay constants and on initial 
'230Th/234U ratio 
Public Lambda230, Lerr230, Lambda234, Lerr234, Lam230, Lam234, Lamdif 
Public Lambda238, Lerr238, Lambda235, Lerr235, Lambda232, Lerr232, Lam238, Lam235, Lam232 
Public Sam_Mass, umol238U, Eumol238U, umol232Th, Eumol232Th, umol4He, Eumol4He 'input values 
Public umol4He_Found 'for iterative calculation with assumed initial disequilibria 
Public umol235U, Eumol235U, ppmU, ppmTh 'calculated values 
Public Gumol238, Gumol235, Gumol232, Gumol4 
Public Rat3038, Er3038, Rat3438, Er3438 'input values 
Public InGiv3034, InGEr3034, InGiv3438, InGEr3438, InGiv3038, InGEr3038 
Public Init3034, InEr3034, Init3438, InEr3438, Init3038, InEr3038 
Public In3034, In3038, Rat3034, Er3034  'calculated 
Public AC3034, AC3038, AC3438, Agemid, Agesay, Mid_3438, Mid_3038 'for age calculation 
Public In3438, Giv3438 
Public Say3438, Say3038 'these to become arrays later from Monte Carlo 
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Public Method% 
 
Public DatName$, NumSamples%, DummyLine$, DummyText$, RdStr$ 
'input values: 
Public SaName$(20), SaMass(20), SaHe(20), SaEHe(20), SaU(20), SaEU(20), SaTh(20), SaETh(20) 
Public SaAc_4_8(20), SaEAc_4_8(20), SaAc_0_8(20), SaEAc_0_8(20) 
Public MC_Total%, MC_AgeAv, MC_Age2SD, MC_3438Av, MC_34382SD, MC_3038Av, MC_30382SD 
Public MC_AgePlusErr, MC_AgeMinErr, MC_3438PlusErr, MC_3438MinErr, MC_3038PlusErr, 
MC_3038MinErr 
' decay constants & difference 
' Initial 230Th/234U activity ratio 
' Present day 230Th/234U activity ratio 
'   +/- error limits (absolute) 
' Present day 234U/238U activity ratio 
'   +/- error limits (absolute) 
Public SAM$, Resfil$ 
 
'see which of the below are still needed 
Public AGE, P_AGE, AGLO, AGHI, Term1, Term2, Term3, TermA, TermB, TermC, NW3034, PW3034 
Public TryMode%, CalcMode% 'Calcmode% = 2 for assumed initial 234 and 230 disequilibria 
Public Modehi%, Modelo%, ITER%, ErrCount%, I% 
Public N_Possible%, N_No_U_Th%, N_U_Th% 
 
Public Sub Read_Data_File() 
  Open DatName$ For Input As #1 
  Line Input #1, DummyLine$ 
  Line Input #1, DummyLine$ 
  Line Input #1, DummyLine$ 
  I% = 0 
  ' here reading and interpreting 
StartRead: 
    Input #1, RdStr$ 
    If RdStr$ = "EndData" Then GoTo EndRead 
    If RdStr$ = "Data" Then 
      I% = I% + 1 
      Input #1, SaName$(I%), SaMass(I%), SaHe(I%), SaEHe(I%), SaU(I%), SaEU(I%), SaTh(I%), SaETh(I%), 
SaAc_4_8(I%), SaEAc_4_8(I%), SaAc_0_8(I%), SaEAc_0_8(I%) 
    End If 
    GoTo StartRead 
EndRead: 
  Close #1 
  NumSamples% = I% 
 End Sub 
Public Sub Write_Heading() 
 Open Resfil$ For Output As #2 
 Print #2, "(Th/U)-He age results with disequilibrium "; "," 
 Print #2, "   Decay constants for 234U and 230Th from "; "," 
 Print #2, "   Cheng et al., 2000, Chem. Geol. 169, 17-33"; "," 
 Print #2, "   Lambda 234 = 0.0028262 +/- 0.0000057/ka"; "," 
 Print #2, "   Lambda 230 = 0.009158 +/- 0.000028/ka"; "," 
 Print #2, " All uncertainties considered including Lambdas "; "," 
 Print #2, "Method 1: using present day (234/238) and estimated initial(230/238) activity ratios with 1-sig errors 
and init activity ratios have 95% confidence"; "," 
 Print #2, "Method 2: using randomized initial (234/238) between 1 and 6 and estimated initial(230/238) activity 
ratios with 1-sig errors and init activity ratios have 95% confidence"; "," 
 Print #2, "Method 3: using present day (234/238) and (230/238) activity ratios with 1-sig errors and init activity 
ratios have 95% confidence"; "," 
 Print #2, "sol/200 is the number of valid solutions for (U/Th) in 200 Monte Carlo shots"; "," 
 Print #2, "Data file: "; DatName$; "," 
 Print #2, "," 
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 Print #2, "Sample,Method,Mass(mg),4He(umol),+/-1sig,238U(umol),+/-1sig,232Th(umol),+/-
1sig,ppmU,ppmTh,"; 
 Print #2, "(234/238)0,+/-,(230/238)0,+/-,(230/238)in,+/-,C-Age(ka),C(234/238)in,MC-Age(ka),+/-95%,MC-
(234/238)in,+/-95%,Sol/200" 
End Sub 
 
Public Sub SaveIt() 
Print #2, SAM$; ","; Method%; ","; Sam_Mass; ","; umol4He; ","; Eumol4He; ","; umol238U; ","; Eumol238U; 
","; umol232Th; ","; Eumol232Th; ","; 
Print #2, Format(ppmU, "#0.000"); ","; Format(ppmTh, "#0.000"); ","; 
Print #2, Rat3438; ","; Er3438; ","; Rat3038; ","; Er3038; ","; 
If Method% = 1 Or Method% = 2 Then 
 Print #2, InGiv3038; ","; InGEr3038; ","; 
 Print #2, Agemid; ","; Mid_3438; ","; MC_AgeAv; ","; MC_Age2SD; ","; MC_3438Av; ","; MC_34382SD; 
","; 
End If 
If Method% = 3 Then 
 Print #2, MC_3038Av; ","; MC_30382SD; ","; 
 Print #2, Agemid; ","; Mid_3438; ","; MC_AgeAv; ","; MC_Age2SD; ","; MC_3438Av; ","; MC_34382SD; 
","; 
End If 
  Print #2, N_Possible%; "/"; MC_Total% 
  'Print #2, (100 * (1 - (N_No_U_Th% / MC_Total%))); "," 
'Else 
' Print #2, ; "," 
'End If 
End Sub 
Public Sub CloseResultsFile() 
Close #2 
End Sub 
 
 
 
Form 1: 
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Attribute VB_Name = "Form1" 
Attribute VB_GlobalNameSpace = False 
Attribute VB_Creatable = False 
Attribute VB_PredeclaredId = True 
Attribute VB_Exposed = False 
Option Explicit 
'Program to calculate 230Th growth-in ages after subtracting steady state 
'230Th (usually from 232Th). 
'VB version 25/11/2001, JDK 
'Incorporates errors on decay constants and on initial 
'230Th/234U ratio 
'V3 integrates 4He production properly - put the option of an assumed (234/238) initial back in? 
'Default assumption is no 230Th to start. 
Dim XNum, YNum ' for MonteCarlo 
Dim MC_Iter%, MC_Age(1000), MC_3438(1000), MC_3038(1000), MC_Poss%(1000), MonteCarlo% 
Dim MC_AgeSum, MC_3438Sum, MC_3038Sum, MC_AgeErr2Sum, MC_3438Err2Sum, MC_3038Err2Sum 
Dim Work$, WorkL%, NumDecs%, NumDigs%, ShowVal$ 'to format low umol abundance values 
Dim Start_Age, U_Lim_3438Init, Lo_Lim_3438Init, Age_Old, Age_New, Time_Step, Rept% 
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Dim TimeRun, U238Run, U235Run, Th232Run, U234Run, Th230Run, He4Step, He4Accum 
Dim Decay_238, Decay_235, Decay_232, Decay_234, Decay_230 
Dim He4_Step, He4_Accum 
 
 
 
 
Private Sub Form_Load() 
'Decay constants (/1000 a) 
Lambda238 = 0.000000155125 
Lerr238 = 0.000000000166 
Lambda235 = 0.00000098485 
Lerr235 = 0.00000000134 
Lambda232 = 0.0000000494752 
Lerr232 = 0.0000000000495 
Lambda230 = 0.00917 
Lerr230 = 0.000014 
Lambda234 = 0.002822 
Lerr234 = 0.000003 
 
 
' Values for 230, 234 from Cheng et al. (2013) 
' EPSL 371-372, 82-91 
 
CalcMode% = 1 'default, give measured (234/238) and (230/238) 
' Initializing default values for variables - from sample Milner 2 
   SAM$ = "Default" 
   Sam_Mass = 0.002 
   umol238U = 0.00000801 
   Eumol238U = 0.00000016 
   umol232Th = 0.00000000845 
   Eumol232Th = 0.00000000016 
   umol4He = 0.00000000113 
   Eumol4He = 0.00000000002 'all 2% for now 
       
   Rat3038 = 1.0702 
   Er3034 = 0.0001 
   Rat3438 = 1.372 
   Er3438 = 0.0001 
    
   InGiv3038 = 0.01: InGEr3038 = 0.003 
   InGiv3438 = 1: InGEr3438 = 0.01 
   'InGiv3034 = 1: InGEr3034 = 0.01 
    
   Text23.Text = InGiv3038 
   Text24.Text = InGEr3038 
   Start_Age = 700 
   U_Lim_3438Init = 10 
   Lo_Lim_3438Init = 0.5 
       
   Time_Step = 2 
   MC_Total% = 500 
   NumDigs% = 3 ' significant digits for displaying micromoles in Sci format 
 
End Sub 
 
Private Sub Command6_Click() 
  DataFiles.Show 
End Sub 
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Public Sub Fill_Form() 
   Text9.Text = SAM$ 
   Text22.Text = Sam_Mass 
   Work$ = LTrim$(Str$(umol238U)): Call Make_Sci_Form: Text5.Text = ShowVal$ 
   Work$ = LTrim$(Str$(Eumol238U)): Call Make_Sci_Form: Text14.Text = ShowVal$ 
   Work$ = LTrim$(Str$(umol232Th)): Call Make_Sci_Form: Text15.Text = ShowVal$ 
   Work$ = LTrim$(Str$(Eumol232Th)): Call Make_Sci_Form: Text17.Text = ShowVal$ 
   Work$ = LTrim$(Str$(umol4He)): Call Make_Sci_Form: Text16.Text = ShowVal$ 
   Work$ = LTrim$(Str$(Eumol4He)): Call Make_Sci_Form: Text18.Text = ShowVal$ 
   Label21.Caption = Format(ppmU, "#0.000") + " ppm U; " + Format(ppmTh, "#0.000") + " ppm Th" 
   Text2.Text = Rat3438: Text4.Text = Er3438 
   Text1.Text = Rat3038: Text3.Text = Er3038 
 End Sub 
Private Sub Command1_Click() 
  'clearing 
  Text8.Text = " ": Text12.Text = " " 
  Text6.Text = " ": Text7.Text = " " 
  Text10.Text = " ": Text11.Text = " " 
  Text19.Text = " ": Text20.Text = " " 
  Text21.Text = " " 
  Agemid = 0: Mid_3438 = 0 ': Mid_3038 = 0 
  MC_AgeAv = 0: MC_3438Av = 0 ': MC_3038Av = 0 
  MC_Age2SD = 0: MC_34382SD = 0 ': MC_30382SD = 0 
   
  Method% = 1 
  Call Calculation 
  Call Monte_Carlo_Calculation 
  Call Sctry 
End Sub 
Private Sub Command7_Click() 
  'clearing 
  Text8.Text = " ": Text12.Text = " " 
  Text6.Text = " ": Text7.Text = " " 
  Text10.Text = " ": Text11.Text = " " 
  Text19.Text = " ": Text20.Text = " " 
  Text21.Text = " " 
  Agemid = 0: Mid_3438 = 0 ': Mid_3038 = 0 
  MC_AgeAv = 0: MC_3438Av = 0 ': MC_3038Av = 0 
  MC_Age2SD = 0: MC_34382SD = 0 ': MC_30382SD = 0 
   
  Method% = 2 
  Call Calculation 
  Call Monte_Carlo_Calculation 
  Call Sctry 
   
End Sub 
Private Sub Command8_Click() 
  'clearing 
  Text8.Text = " ": Text12.Text = " " 
  Text6.Text = " ": Text7.Text = " " 
  Text10.Text = " ": Text11.Text = " " 
  Text19.Text = " ": Text20.Text = " " 
  Text21.Text = " " 
  Agemid = 0: Mid_3438 = 0: Mid_3038 = 0 
  MC_AgeAv = 0: MC_3438Av = 0: MC_3038Av = 0 
  MC_Age2SD = 0: MC_34382SD = 0: MC_30382SD = 0 
   
  Method% = 3 
  Call Calculation 
  Call Monte_Carlo_Calculation 
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  Call Sctry 
End Sub 
Private Sub Command2_Click() 
  Call Module1.SaveIt 
End Sub 
 
Private Sub Command3_Click() 
  Label8.Visible = False 
  Command3.Visible = False 
End Sub 
 
Private Sub Command4_Click() 
  PrintForm 
End Sub 
 
Private Sub Command5_Click() 
  Call Module1.CloseResultsFile 
  Text13.Enabled = True 
  Command2.Enabled = False 
  Command5.Enabled = False 
  Text13.Text = "" 
End Sub 
 
Private Sub Dir1_Change() 
  File1.Path = Dir1.Path 
End Sub 
 
Private Sub Drive1_Change() 
  Dir1.Path = Drive1.Drive 
End Sub 
 
Sub Calculation() 
 
MonteCarlo% = 0 
' Apparent age calculation, do this with monte carlo also 
Lam238 = Lambda238 
Lam235 = Lambda235 
Lam232 = Lambda232 
Lam230 = Lambda230 
Lam234 = Lambda234 
Gumol238 = umol238U 
Gumol235 = umol235U 
Gumol232 = umol232Th 
Gumol4 = umol4He 
 
   AC3038 = Rat3038 
   AC3438 = Rat3438 
   AC3034 = AC3038 / AC3438 
   If Method% = 1 Or Method% = 2 Then Init3038 = InGiv3038 
   If Method% = 2 Then Init3438 = 3.5 'average value for the range 1-6 
    
If Method% = 1 Then Call AgeCalc_1 
If Method% = 2 Then 
   In3438 = 3.5 'average for range 1 to 6 
   Call AgeCalc_2 
End If 
If Method% = 3 Then Call AgeCalc_3 
 
End Sub 
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Sub Monte_Carlo_Calculation() 
' Apparent age calculation, Monte Carlo simulation. 
' Think about whether we should only consider the shots that give a solution of U/Th 
' in the M-C average and error limits, or all shots, or allow an option 
 
N_No_U_Th = 0 
MonteCarlo% = 1 
For MC_Iter% = 1 To MC_Total% 
  MC_Poss%(MC_Iter%) = 0 'initialzise, set to 1 if a solution is found 
  Call Random_Inv_Norm 
  Lam238 = Lambda238 + YNum * Lerr238 
  Call Random_Inv_Norm 
  Lam235 = Lambda235 + YNum * Lerr235 
  Call Random_Inv_Norm 
  Lam232 = Lambda232 + YNum * Lerr232 
  Call Random_Inv_Norm 
  Lam230 = Lambda230 + YNum * Lerr230 
  Call Random_Inv_Norm 
  Lam234 = Lambda234 + YNum * Lerr234 
  Call Random_Inv_Norm 
  Gumol238 = umol238U + YNum * Eumol238U 
  Call Random_Inv_Norm 
  Gumol235 = umol235U + YNum * Eumol235U 
  Call Random_Inv_Norm 
  Gumol232 = umol232Th + YNum * Eumol232Th 
  Call Random_Inv_Norm 
  Gumol4 = umol4He + YNum * Eumol4He 
  
  Call Random_Inv_Norm 
  AC3038 = Rat3038 + YNum * Er3038 
  Call Random_Inv_Norm 
  AC3438 = Rat3438 + YNum * Er3438 
  'Call Random_Inv_Norm 
  AC3034 = AC3038 / AC3438 
  Call Random_Inv_Norm 
  Init3038 = InGiv3038 + YNum * InGEr3038 
   
  If Method% = 1 Then Call AgeCalc_1 
  If Method% = 2 Then 
     In3438 = 1 + Rnd() * 5 ' randomizing initial (234/238) 
     Call AgeCalc_2 
  End If 
  If Method% = 3 Then Call AgeCalc_3 
       
  
Next MC_Iter% 
 
'if N_Possible% > 0 Then 
'    Label17.Caption = Str$(N_Possible%) + " possible sets in 1000 shots" 
'    Label17.Visible = True 
'    Command6.Visible = True 
'End If 
 
' Monte Carlo Averages: 
MC_AgeSum = 0 
MC_3438Sum = 0 
 If Method% = 3 Then MC_3038Sum = 0 
N_Possible% = 0 
 
For MC_Iter% = 1 To MC_Total% 
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 If MC_Poss%(MC_Iter%) = 1 Then 
  MC_AgeSum = MC_AgeSum + MC_Age(MC_Iter%) 
  MC_3438Sum = MC_3438Sum + MC_3438(MC_Iter%) 
   If Method% = 3 Then MC_3038Sum = MC_3038Sum + MC_3038(MC_Iter%) 
  N_Possible% = N_Possible% + 1 
 End If 
Next MC_Iter% 
 
If N_Possible% < 1 Then Label8.Caption = "no solutions found": Exit Sub 
MC_AgeAv = MC_AgeSum / N_Possible% 
MC_3438Av = MC_3438Sum / N_Possible% 
 If Method% = 3 Then MC_3038Av = MC_3038Sum / N_Possible% 
 
' Monte Carlo Standard deviations: 
MC_AgeErr2Sum = 0 
MC_3438Err2Sum = 0 
 If Method% = 3 Then MC_3038Err2Sum = 0 
 
If N_Possible% < 2 Then Label8.Caption = "no solutions found": Exit Sub 
For MC_Iter% = 1 To MC_Total% 
 If MC_Poss%(MC_Iter%) = 1 Then 
  MC_AgeErr2Sum = MC_AgeErr2Sum + (MC_Age(MC_Iter%) - MC_AgeAv) ^ 2 
  MC_3438Err2Sum = MC_3438Err2Sum + (MC_3438(MC_Iter%) - MC_3438Av) ^ 2 
   If Method% = 3 Then MC_3038Err2Sum = MC_3038Err2Sum + (MC_3038(MC_Iter%) - MC_3038Av) ^ 2 
 End If 
Next MC_Iter% 
 
MC_Age2SD = 2 * Sqr(MC_AgeErr2Sum / (N_Possible% - 1)) 
MC_34382SD = 2 * Sqr(MC_3438Err2Sum / (N_Possible% - 1)) 
 If Method% = 3 Then MC_30382SD = 2 * Sqr(MC_3038Err2Sum / (N_Possible% - 1)) 
 
End Sub 
 
'MC_3438Av, MC_34382SD, MC_3038Av, MC_30382SD 
 
Private Sub Sctry() 
'MC_AgePlusErr = MC_AgeAv + MC_Age2SD - Agemid 
'MC_AgeMinErr = -MC_AgeAv + MC_Age2SD + Agemid 
'MC_3438PlusErr = MC_3438Av + MC_34382SD - Mid_3438 
'MC_3438MinErr = -MC_3438Av + MC_34382SD + Mid_3438 
'MC_3038PlusErr = MC_3038Av + MC_30382SD - Mid_3038 
'MC_3038MinErr = -MC_3038Av + MC_30382SD + Mid_3038 
 
Text8.Text = Format(Agemid, "###0.000") 
Text12.Text = Format(Mid_3438, "#0.0000") 
If Method% = 3 Then Text19.Text = Format(Mid_3038, "##0.000") 
 
Text6.Text = Format(MC_AgeAv, "###0.000") 
Text7.Text = Format(MC_Age2SD, "##0.000") 
 
Text10.Text = Format(MC_3438Av, "#0.0000") 
Text11.Text = Format(MC_34382SD, "#0.0000") 
 If Method% = 3 Then 
   Text20.Text = Format(MC_3038Av, "##0.000") 
   Text21.Text = Format(MC_30382SD, "#0.000") 
 End If 
 Label8.Caption = "Solutions for " + Str$(N_Possible%) + " shots out of " + Str$(MC_Total%) 
 Label8.Visible = True 
 Command3.Visible = True 
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End Sub 
 
Private Sub AgeCalc_1() 
'Calculation of initial (234/238) using measured value and assumed ages 
' in a successive approximation. 
'Also assumes initial (2230/238) is very low (flowstone/stalagmite). 
  
'put an error trap in here 
 
'sequence: 
' 1. assume an age 
' 2. calculate initial (234U/238U) 
' 3. get age for which accumulated 4-He is measured value 
' 4. repeat steps 3 and 4 
' when to stop? if differences between previos and new age is small. 
  
 Rept% = 0 
 Age_Old = Start_Age 
   
Tryit: 
Rept% = Rept% + 1 
If Rept% > 20 Then 
  Label8.Caption = "Cannot converge age - widen margin" 
  Label8.Visible = True 
  Command3.Visible = True 
  Exit Sub 
End If 
In3438 = (AC3438 - 1) * Exp(Lam234 * Age_Old) + 1 
'catch impossibles 
If In3438 > U_Lim_3438Init Or In3438 < Lo_Lim_3438Init Then Exit Sub 
 
TimeRun = 0 
He4_Accum = 0 
U238Run = Gumol238 * (1 + Lam238 * Age_Old) 
U235Run = Gumol235 * (1 + Lam235 * Age_Old) 
Th232Run = Gumol232 * (1 + Lam232 * Age_Old) 
U234Run = U238Run * In3438 * Lam238 / Lam234 
Th230Run = U238Run * Init3038 * Lam238 / Lam230 
 
'Dim TimeRun, U238Run, U235Run, Th232Run, U234Run, Th230Run, He4Step, He4Accum 
 
RunTime_1: 
'start the iterative decay and production, accumulation of He here 
TimeRun = TimeRun + Time_Step 
Decay_238 = U238Run * Time_Step * Lam238 
Decay_235 = U235Run * Time_Step * Lam235 
Decay_232 = Th232Run * Time_Step * Lam232 
Decay_234 = U234Run * Time_Step * Lam234 
Decay_230 = Th230Run * Time_Step * Lam230 
 
U238Run = U238Run - Decay_238 
U235Run = U235Run - Decay_235 
Th232Run = Th232Run - Decay_232 
U234Run = U234Run + Decay_238 - Decay_234 
Th230Run = Th230Run + Decay_234 - Decay_230 
He4_Step = Decay_235 * 7 + Decay_232 * 6 + Decay_238 + Decay_234 + Decay_230 * 6 
He4_Accum = He4_Accum + He4_Step 
 
If He4_Accum >= Gumol4 Then 
  Age_New = TimeRun - Time_Step / 2 
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  If Abs(Age_New - Age_Old) <= 2 Then GoTo Calcout_1 
  'the above line: without this halving, ages > 200 ka do not converge 
  Age_Old = (Age_New + Age_Old) / 2 
  GoTo Tryit 
End If 
 
GoTo RunTime_1 
 
Calcout_1: 
 If MonteCarlo% = 1 Then 
   MC_Poss%(MC_Iter%) = 1 
   MC_Age(MC_Iter%) = (Age_New + Age_Old) / 2 
   MC_3438(MC_Iter%) = In3438 
 Else 
   Agemid = (Age_New + Age_Old) / 2 
   Mid_3438 = In3438 
 End If 
  
'for this version no In3038 or Say3038 
 
End Sub 
Private Sub AgeCalc_2() 
  'Method assuming an initial (234/238) ratio between 1 and 6 (randomized 
  'in the Monte Carlo procedure), to use when (234/238) and (230/238) measured 
  'are not significantly differentr from 1 
 
 
TimeRun = 0 
He4_Accum = 0 
U238Run = Gumol238 * (1 + Lam238 * Age_Old) 
U235Run = Gumol235 * (1 + Lam235 * Age_Old) 
Th232Run = Gumol232 * (1 + Lam232 * Age_Old) 
U234Run = U238Run * In3438 * Lam238 / Lam234 
Th230Run = U238Run * Init3038 * Lam238 / Lam230 
 
'Dim TimeRun, U238Run, U235Run, Th232Run, U234Run, Th230Run, He4Step, He4Accum 
 
RunTime_2: 
'start the iterative decay and production, accumulation of He here 
TimeRun = TimeRun + Time_Step 
Decay_238 = U238Run * Time_Step * Lam238 
Decay_235 = U235Run * Time_Step * Lam235 
Decay_232 = Th232Run * Time_Step * Lam232 
Decay_234 = U234Run * Time_Step * Lam234 
Decay_230 = Th230Run * Time_Step * Lam230 
 
U238Run = U238Run - Decay_238 
U235Run = U235Run - Decay_235 
Th232Run = Th232Run - Decay_232 
U234Run = U234Run + Decay_238 - Decay_234 
Th230Run = Th230Run + Decay_234 - Decay_230 
He4_Step = Decay_235 * 7 + Decay_232 * 6 + Decay_238 + Decay_234 + Decay_230 * 6 
He4_Accum = He4_Accum + He4_Step 
 
If He4_Accum >= Gumol4 Then 
  Age_New = TimeRun - Time_Step / 2 
  GoTo Calcout_2 
End If 
 
GoTo RunTime_2 
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Calcout_2: 
 If MonteCarlo% = 1 Then 
   MC_Poss%(MC_Iter%) = 1 
   MC_Age(MC_Iter%) = Age_New 
   MC_3438(MC_Iter%) = In3438 
 Else 
   Agemid = Age_New 
   Mid_3438 = In3438 
 End If 
  
End Sub 
Private Sub AgeCalc_3() 
 
'this routine calculates an age in cases where both measured (234/238) and (230/239) 
'are significantly different from unity. 
'the numerical integration of the two above routines is carried out in reverse, thus 
'removing He-4 in every step. The age is reached when mumol 4He becomes negative. 
'Then the initial (234U/238U) anmd (230Th/238U) ratios are also produced by this. 
'This is repeated in Monte Carlo routine by using the error limits in measured 4He, 
'(234U/238U) and (230Th/238U. 
 
'Change from here - in the back calculation the starting conditions are the measured ones. 
TimeRun = 0 
He4_Accum = Gumol4 
U238Run = Gumol238 
U235Run = Gumol235 
Th232Run = Gumol232 
U234Run = U238Run * AC3438 * Lam238 / Lam234 
Th230Run = U238Run * AC3038 * Lam238 / Lam230 
 
'Dim TimeRun, U238Run, U235Run, Th232Run, U234Run, Th230Run, He4Step, He4Accum 
 
RunTime_3: 
'start the iterative decay and production, accumulation of He here 
TimeRun = TimeRun + Time_Step 
Decay_238 = U238Run * Time_Step * Lam238 
Decay_235 = U235Run * Time_Step * Lam235 
Decay_232 = Th232Run * Time_Step * Lam232 
Decay_234 = U234Run * Time_Step * Lam234 
Decay_230 = Th230Run * Time_Step * Lam230 
 
U238Run = U238Run + Decay_238 
U235Run = U235Run + Decay_235 
Th232Run = Th232Run + Decay_232 
U234Run = U234Run - Decay_238 + Decay_234 
Th230Run = Th230Run - Decay_234 + Decay_230 
' put an 'impossible' clause here for when this value goes to zero before He runs out. 
If Th230Run < 0 Or U234Run < 0 Then Exit Sub 
He4_Step = Decay_235 * 7 + Decay_232 * 6 + Decay_238 + Decay_234 + Decay_230 * 6 
He4_Accum = He4_Accum - He4_Step 
 
If He4_Accum <= 0 Then 
  Age_New = TimeRun - Time_Step / 2 
  In3438 = (U234Run / U238Run) * (Lam234 / Lam238) 
  In3038 = (Th230Run / U238Run) * (Lam230 / Lam238) 
  GoTo Calcout_3 
End If 
GoTo RunTime_3 
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Calcout_3: 
 If MonteCarlo% = 1 Then 
   MC_Poss%(MC_Iter%) = 1 
   MC_Age(MC_Iter%) = Age_New 
   MC_3438(MC_Iter%) = In3438 
   MC_3038(MC_Iter%) = In3038 
 Else 
   Agemid = Age_New 
   Mid_3438 = In3438 
   Mid_3038 = In3038 
 End If 
  
End Sub 
Private Sub Text13_KeyPress(Keyascii As Integer) 
 Text13.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text13.ForeColor = &H0& 
       Resfil$ = Text13.Text + ".csv" 
       'Resfil$ = File1.Path + "\" + Resfil$ 
       Text13.Text = Resfil$ 
        
       Text13.Enabled = False 
       Command5.Enabled = True 
       Command2.Enabled = True 
       Call Write_Heading 
     End If 
End Sub 
 
Private Sub Text1_KeyPress(Keyascii As Integer) 
  Text1.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text1.ForeColor = &H0& 
       If CalcMode% = 1 Then 
         Rat3038 = Val(Text1.Text) 
         Rat3034 = Rat3038 / Rat3438 
       Else 
         InGiv3038 = Val(Text1.Text) 
         InGiv3034 = InGiv3038 / InGiv3438 
       End If 
     End If 
End Sub 
Private Sub Text2_KeyPress(Keyascii As Integer) 
 Text2.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text2.ForeColor = &H0& 
       If CalcMode% = 1 Then 
         Rat3438 = Val(Text2.Text) 
         Rat3034 = Rat3038 / Rat3438 
       Else 
         InGiv3438 = Val(Text2.Text) 
         InGiv3034 = InGiv3038 / InGiv3438 
       End If 
     End If 
End Sub 
 
Private Sub Text3_KeyPress(Keyascii As Integer) 
  Text3.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text3.ForeColor = &H0& 
       If CalcMode% = 1 Then 
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         Er3038 = Val(Text3.Text) 
         Er3034 = Sqr((Er3038 / Rat3038) ^ 2 + (Er3438 / Rat3438) ^ 2) * Rat3038 
       Else 
         InGEr3038 = Val(Text3.Text) 
         InGEr3034 = Sqr((InGEr3038 / InGiv3038) ^ 2 + (InGEr3438 / InGiv3438) ^ 2) * InGiv3038 
       End If 
     End If 
End Sub 
 
Private Sub Text4_KeyPress(Keyascii As Integer) 
  Text4.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text4.ForeColor = &H0& 
       If CalcMode% = 1 Then 
         Er3438 = Val(Text4.Text) 
         Er3034 = Sqr((Er3038 / Rat3038) ^ 2 + (Er3438 / Rat3438) ^ 2) * Rat3038 
       Else 
         InGEr3438 = Val(Text4.Text) 
         InGEr3034 = Sqr((InGEr3038 / InGiv3038) ^ 2 + (InGEr3438 / InGiv3438) ^ 2) * InGiv3038 
       End If 
     End If 
End Sub 
 
 
 
'Private Sub Text5_KeyPress(KeyAscii As Integer) 
'  Text5.ForeColor = &HFF& 
'     If KeyAscii = 13 Then 
'       Text5.ForeColor = &H0& 
'       Init3034 = Val(Text5.Text) 
'     End If 
'End Sub  REMOVED BECAUSE IS RESULT NOW (fr HE) 
 
Private Sub Text9_KeyPress(Keyascii As Integer) 
  Text9.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text9.ForeColor = &H0& 
       SAM$ = Text9.Text 
     End If 
End Sub 
Private Sub Text22_KeyPress(Keyascii As Integer) 
  Text22.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text22.ForeColor = &H0& 
       Sam_Mass = Val(Text22.Text) / 1000 
       Call Show_ppm 
     End If 
End Sub 
Private Sub Text23_KeyPress(Keyascii As Integer) 
  Text23.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text23.ForeColor = &H0& 
       InGiv3038 = Val(Text23.Text) 
     End If 
End Sub 
Private Sub Text24_KeyPress(Keyascii As Integer) 
  Text24.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text24.ForeColor = &H0& 
       InGEr3038 = Val(Text24.Text) 
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     End If 
End Sub 
Private Sub Text5_KeyPress(Keyascii As Integer) 
  Text5.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text5.ForeColor = &H0& 
       umol238U = Val(Text5.Text) 
       umol235U = umol238U / 137.88 
       Call Show_ppm 
     End If 
End Sub 
Private Sub Text14_KeyPress(Keyascii As Integer) 
  Text14.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text14.ForeColor = &H0& 
       Eumol238U = Val(Text14.Text) 
       Eumol235U = Eumol238U / 137.88 
     End If 
End Sub 
Private Sub Text15_KeyPress(Keyascii As Integer) 
  Text15.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text15.ForeColor = &H0& 
       umol232Th = Val(Text15.Text) 
       Call Show_ppm 
     End If 
End Sub 
Private Sub Text17_KeyPress(Keyascii As Integer) 
  Text17.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text17.ForeColor = &H0& 
       Eumol232Th = Val(Text17.Text) 
     End If 
End Sub 
Private Sub Text16_KeyPress(Keyascii As Integer) 
  Text16.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text16.ForeColor = &H0& 
       umol4He = Val(Text16.Text) 
     End If 
End Sub 
Private Sub Text18_KeyPress(Keyascii As Integer) 
  Text18.ForeColor = &HFF& 
     If Keyascii = 13 Then 
       Text18.ForeColor = &H0& 
       Eumol4He = Val(Text18.Text) 
     End If 
End Sub 
Private Sub Show_ppm() 
If Sam_Mass > 0 Then 
  ppmU = umol238U * 1.0072 * 238 / Sam_Mass 
  ppmTh = umol232Th * 232 / Sam_Mass 
  Label21.Caption = Format(ppmU, "#0.000") + " ppm U; " + Format(ppmTh, "#0.000") + " ppm Th" 
End If 
End Sub 
Private Sub Make_Sci_Form() 
 
Startlook: 
 If Left$(Work$, 1) = "0" Then Work$ = Right$(Work$, (Len(Work$) - 1)): GoTo Startlook 
 If Left$(Work$, 1) = "." Then Work$ = Right$(Work$, (Len(Work$) - 1)): NumDecs% = -1: GoTo Countdecs 
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 If Val(Left$(Work$, 1)) > 0 Then 
   If Left$(Right$(Work$, 4), 1) = "E" Then 
      ShowVal$ = Left$(Work$, (NumDigs% + 1)) + Right$(Work$, 4) 
   Else 
      ShowVal$ = Left$(Work$, (NumDigs% + 2)) 
   End If 
 End If 
 Exit Sub 
Countdecs: 
 If Left$(Work$, 1) = "0" Then 
  NumDecs% = NumDecs% - 1 
  Work$ = Right$(Work$, (Len(Work$) - 1)) 
  GoTo Countdecs 
 Else 
  ShowVal$ = Left$(Work$, 1) + "." 
  Work$ = Right$(Work$, (Len(Work$) - 1)) 
 End If 
 
 For ITER% = 1 To (NumDigs% - 1) 
 If Len(Work$) > 0 Then 
   ShowVal$ = ShowVal$ + Left$(Work$, 1) 
   Work$ = Right$(Work$, (Len(Work$) - 1)) 
 End If 
 Next ITER% 
 ShowVal$ = ShowVal$ + "E" + LTrim$(Str$(NumDecs%)) 
End Sub 
Private Sub Random_Inv_Norm() 
XNum = Rnd 
If XNum <= 0.5 Then 
  YNum = 2 * (XNum - 0.5) - 0.5 * Exp(-300 * XNum) - 0.5 * Exp(-30 * XNum) - Exp(-7 * XNum) + 0.0302 
Else 
  YNum = 2 * (XNum - 0.5) + 0.5 * Exp(-300 * (1 - XNum)) + 0.5 * Exp(-30 * (1 - XNum)) + Exp(-7 * (1 - 
XNum)) - 0.0302 
End If 
End Sub 
 
 
Datafiles:  
 
 
 
Attribute VB_Name = "DataFiles" 
Attribute VB_GlobalNameSpace = False 
Attribute VB_Creatable = False 
Attribute VB_PredeclaredId = True 
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Attribute VB_Exposed = False 
Option Explicit 
 
Dim ICRIK%, ICRRK% 
 
Private Sub Form_Load() 
   Command1.Enabled = False 
   For ICRIK% = 0 To 19 
     Command3(ICRIK%).Enabled = False 
   Next ICRIK% 
 End Sub 
 
Private Sub Dir1_Change() 
  File1.Path = Dir1.Path 
End Sub 
 
Private Sub Drive1_Change() 
  Dir1.Path = Drive1.Drive 
End Sub 
 
Private Sub File1_Click() 
  DatName$ = File1.Path + "\" + File1.FileName 
  Text1.Text = DatName$ 
  If Right$(DatName$, 6) = "He.csv" Then 
    Command1.Enabled = True 
    Label1.Caption = " " 
  Else 
    Label1.Caption = "Wrong kind of file" 
  End If 
  Label1.Visible = True 
End Sub 
 
Private Sub Command1_Click() 
 
 ' for reading a ratio data file 
 Call Module1.Read_Data_File 
 For I% = 1 To NumSamples% 
   Label2(I% - 1).Caption = SaName$(I%) 
   Command3(I% - 1).Enabled = True 
 Next I% 
End Sub 
 
 
Private Sub Command2_Click() 
 Unload Me 
End Sub 
Private Sub Command3_Click(Index As Integer) 
  For ICRIK% = 0 To 19 
  Label2(ICRIK%).BackColor = &H8000000E 
  Next ICRIK% 
  Label2(Index).BackColor = &HFFFFC0 
   
  I% = Index + 1 
    'Sam_Mass, umol238U, Eumol238U, umol232Th, Eumol232Th, umol4He, Eumol4He 
  'Rat3038, Er3038, Rat3438, Er3438 
  'SaName$(I%), SaMass(I%), SaHe(I%), SaEHe(I%), SaU(I%), SaEU(I%), SaTh(I%), SaETh(I%), 
  'SaAc_4_8(I%), SaEAc_4_8(I%), SaAc_0_8(I%), SaEAc_0_8(I%) 
  SAM$ = SaName$(I%) 
  Sam_Mass = SaMass(I%) 
  umol4He = SaHe(I%): Eumol4He = SaEHe(I%) 
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  umol238U = SaU(I%): Eumol238U = SaEU(I%) 
  umol232Th = SaTh(I%): Eumol232Th = SaETh(I%) 
  Rat3438 = SaAc_4_8(I%): Er3438 = SaEAc_4_8(I%) 
  Rat3038 = SaAc_0_8(I%): Er3038 = SaEAc_0_8(I%) 
  'umol235U, Eumol235U, ppmU, ppmTh, calculated values 
  umol235U = umol238U * 0.007253: Eumol235U = Eumol238U * 0.007253 
  ppmU = 1000 * umol238U * 1.007253 * 238 / Sam_Mass 
  ppmTh = 1000 * umol232Th * 232 / Sam_Mass 
   
  Call Form1.Fill_Form 
End Sub 
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Appendix F3: He extraction laboratory notes 
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Appendix G: (U,Th)-He analytical data 
 
Appendix G1: Analytical data for attempt 1 – laser heating carbon coated powders 
 
Spike data  
3-He spike treated as pure 3-He 
4-He amount from blank measurement all treated as 
blank 
7.75E-07 3-He per spike shot (at start) 
8.87E-09 2 standard errors 
7.73E-05 Depletion of 3-He spike tank per shot 
  
235-U spike 
0.00725 (235U/238U ratio natural) 
2300 235U/238U ratio spike 
0.0001 umol 235/g 
3E-07 estimated uncertainty 
  
0.97 232Th attenuation (ionization Th/U) 
0.03 estimated uncertainty 
 
Helium measurement ------------------------------------
- 
Blank ---------------------------------------------------------
- 
Run# He run# 4He/3He +/- 2 SE 
umol 4-
He 
10872 299 0.000515 
7.23E-
06 4.08E-10 
 
U-Th measurement  
Background counts ----------        
232-Th 235-U 238-U       
41.333 17.667 39.333       
Blank Blank counts --------------- Blank ratios ---------------- Blanks umol ------- 
Spike g 232-Th 235-U 238-U 232/235 235/238 Q 238 Bl 238-U Bl 232-Th 
0.3 331.005 84625.15 184.335 0.003424 583.4918 2.941823 3.85E-08 9.98E-08 
 
Step heating He results 
Sample name run # He run 
# 
4He/3He +/- 2 SE umol 4-
He 
+/- 2 SE 
blank_He 1087
3 
300 0.00054 9.9E-06 9.85E-13 1.8E-14 
M2_1_10mins_11.4-12A 1087
4 
301 0.00235 2.41E-05 1.37E-09 1.41E-
11 
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M2_1_5mins_12A 1087
5 
302 0.00263
1 
2.21E-05 1.58E-09 1.33E-
11 
M2_1_5mins_12.5A 1087
6 
303 0.00211
7 
1.96E-05 1.19E-09 1.11E-
11 
M2_1_5mins_13A 1087
7 
304 0.00274
5 
2E-05 1.67E-09 1.22E-
11 
M2_1_5mins_13A_run2 1087
8 
305 0.00182
9 
1.6E-05 9.77E-10 8.55E-
12 
SWK5_2_10mins_11-12.5A 1087
9 
306 0.00847
8 
3.18E-05 6.01E-09 2.25E-
11 
SWK5_2_10mins_12.5-13A 1088
0 
307 0.00317 1.88E-05 1.99E-09 1.18E-
11 
SWK5_2_5mins_13A 1088
1 
308 0.00225
5 
2.07E-05 1.3E-09 1.19E-
11 
SWK5_2_5mins_13A_run2 1088
2 
309 0.00166
4 
1.74E-05 8.52E-10 8.88E-
12 
blank_He 1088
3 
310 0.00054
3 
7.75E-06 2.72E-12 3.88E-
14 
SWK5_1_10mins_11-12.5A 1088
4 
311 0.02586
5 
9.29E-05 1.92E-08 6.89E-
11 
SWK5_1_10mins_12-12.5A 1088
5 
312 0.01000
9 
3.04E-05 7.17E-09 2.18E-
11 
SWK5_1_10mins_12.5-13A 1088
6 
313 0.02823
9 
0.00011
5 
2.1E-08 8.55E-
11 
SWK5_1_5mins_13A 1088
7 
314 0.00517
2 
3.78E-05 3.51E-09 2.56E-
11 
SWK5_1_5mins_13A_run2 1088
8 
315 0.00975
1 
5.46E-05 6.97E-09 3.9E-11 
SWK5_1_5mins_13A_run3 1088
9 
316 0.00494
7 
3.15E-05 3.34E-09 2.12E-
11 
SWK5_1_5mins_13A_run4 1089
0 
317 0.00164 2.2E-05 8.32E-10 1.12E-
11 
M2_2_10mins_11-12.5A 1089
1 
318 0.00250
4 
4.53E-05 1.49E-09 2.69E-
11 
M2_2_10mins_12.5-13A 1089
2 
319 0.00122
5 
5.23E-05 5.18E-10 2.21E-
11 
M2_2_10mins_13A 1089
3 
320 0.00070
4 
1.41E-05 1.24E-10 2.48E-
12 
SWK5_3_10mins_11-12.5A 1089
4 
321 0.00190
2 
2.73E-05 1.03E-09 1.48E-
11 
SWK5_3_10mins_12.5-13A 1089
5 
322 0.00121
3 
1.86E-05 5.09E-10 7.81E-
12 
SWK5_3_5mins_13A 1089
6 
323 0.00097
1 
2.35E-05 3.26E-10 7.9E-12 
blank_He 1089
7 
324 0.00052
3 
7.72E-06 -1.3E-11 -1.9E-13 
ER2j-6_1_10mins_11-12.5A 1089
8 
325 0.00747
7 
3.04E-05 5.25E-09 2.13E-
11 
ER2j-6_1_10mins_12.5-13A 1089
9 
326 0.00184
5 
1.66E-05 9.87E-10 8.9E-12 
ER2j-6_1_5mins_13A 1090
0 
327 0.00195
5 
9.96E-06 1.07E-09 5.45E-
12 
ER2e-6_2_10mins_11-12.5A 1090
1 
328 0.02432
5 
0.00017 1.8E-08 1.26E-
10 
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ER2e-6_2_10mins_12.5-13A 1090
2 
329 0.00728
8 
0.00012 5.1E-09 8.41E-
11 
ER2e-6_2_5mins_13A 1090
3 
330 0.00447
1 
7.87E-05 2.97E-09 5.23E-
11 
ER2e-10_1_10mins_11-
12.5A 
1090
4 
331 0.00173
6 
4.13E-05 9.04E-10 2.15E-
11 
ER2e-10_1_10mins_12.5-
13A 
1090
5 
332 0.00236
2 
3.31E-05 1.38E-09 1.93E-
11 
ER2e-10_1_5mins_13A 1090
6 
333 0.00142
7 
2.5E-05 6.7E-10 1.18E-
11 
ER2j-6_2_10mins_11-12.5A 1090
7 
334 0.00780
2 
0.00010
2 
5.49E-09 7.15E-
11 
ER2j-6_2_10mins_12.5-13A 1090
8 
335 0.00102
1 
5.6E-05 3.63E-10 1.99E-
11 
ER2j-6_2_5mins_13A 1090
9 
336 0.00078
1 
4.85E-05 1.82E-10 1.13E-
11 
ER2j-6_3_10mins_11-12.5A 1091
0 
337 0.00259
6 
7.29E-05 1.55E-09 4.36E-
11 
Blank_10minutes_He 1091
1 
338 0.00052
5 
8.4E-06 -1.2E-11 -1.9E-13 
ER2j-6_3_10mins_12.5-13A 1091
2 
339 0.00130
2 
1.62E-05 5.75E-10 7.15E-
12 
ER2j-6_3_5mins_13A 1091
3 
340 0.00091
5 
2.05E-05 2.83E-10 6.32E-
12 
ER2a_2_10mins_11-12.5A 1091
4 
341 0.00217
4 
2.21E-05 1.23E-09 1.25E-
11 
ER2a_2_10mins_12.5-13A 1091
5 
342 0.00222
8 
1.84E-05 1.27E-09 1.05E-
11 
ER2a_2_5mins_13A 1091
6 
343 0.00107
6 
1.94E-05 4.04E-10 7.27E-
12 
ER2a_1_10mins_11-12.5A 1091
7 
344 0.02137
9 
0.00016
2 
1.57E-08 1.19E-
10 
ER2a_1_10mins_12.5-13A 1091
8 
345 0.01023
5 
5.27E-05 7.32E-09 3.77E-
11 
ER2a_1_5mins_13A 1091
9 
346 0.00207
5 
2.14E-05 1.16E-09 1.19E-
11 
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Sample 
name 
total of steps   Counts raw data ------------- Sample ratios -------------------------------------------------------- 
umol 4-He +/- 2 SE Spike g 232-Th 235-U 238-U 232/235 Est. error 235/238 Est. error Q 238 Est. error 
M2_1 6.8E-09 5.91E-11 0.1317 734.691 37038.63 10862.97 0.018729 0.000187 3.42038 0.034204 672.8661 6.728661 
SWK5_2 1.02E-08 5.51E-11 0.1265 399.341 35670.17 3025.745 0.010042 0.0001 11.93824 0.119382 191.7747 1.917747 
SWK5_1 6.19E-08 2.73E-10 0.1288 393.007 32993.59 40200.29 0.010665 0.000107 0.821094 0.008211 2825.085 28.25085 
M2_2 2.13E-09 5.15E-11 0.1286 327.338 33004.62 20568.36 0.00867 8.67E-05 1.606845 0.016068 1436.86 14.3686 
SWK5_3 1.87E-09 3.05E-11 0.1282 416.008 38781.56 10183.67 0.009666 9.67E-05 3.821237 0.038212 602.0416 6.020416 
ER2j-6_1 7.3E-09 3.56E-11 0.3051 487.011 78093.52 11036.15 0.005708 5.71E-05 7.099863 0.070999 323.28 3.2328 
ER2e-6_2* 2.61E-08 2.62E-10 0.2397 769.027 31646 18430.28 0.023008 0.00023 1.719778 0.017198 1342.04 13.4204 
ER2e-10_1 2.95E-09 5.26E-11 0.1287 492.678 33230.94 14296.86 0.013589 0.000136 2.329525 0.023295 989.4049 9.894049 
ER2j-6_2 6.03E-09 1.03E-10 0.1255 388.007 33821.74 3672.274 0.010255 0.000103 9.304877 0.093049 246.3742 2.463742 
ER2j-6_3 2.41E-09 5.71E-11 0.3019 585.349 79124.41 6544.26 0.006877 6.88E-05 12.16105 0.12161 188.2406 1.882406 
ER2a_2 2.91E-09 3.03E-11 0.1274 355.006 33950.8 9097.057 0.009244 9.24E-05 3.74632 0.037463 614.1243 6.141243 
ER2a_1 2.42E-08 1.69E-10 0.1277 1611.45 32286.17 28954.68 0.048658 0.000487 1.115965 0.01116 2073.468 20.73468 
 
 Sample umol ----------------------------      
Sample name Sa 238-U Est. error Sa 235-U Est. error Sa 232-Th Est. error  Apparent age (ka)  +/- est error 
M2_1 3.82E-06 3.82E-08 2.77E-08 2.77E-10 1.4E-07 1.4E-09  1366.13 26.48 
SWK5_2 1.02E-06 1.02E-08 7.38E-09 7.38E-11 2.36E-08 2.36E-10  7681.41 139.43 
SWK5_1 1.58E-05 1.58E-07 1.15E-07 1.15E-09 3.37E-08 3.37E-10  3032.55 54.20 
M2_2 8.01E-06 8.01E-08 5.81E-08 5.81E-10 8.54E-09 8.54E-11  205.66 6.12 
SWK5_3 3.32E-06 3.32E-08 2.41E-08 2.41E-10 2.06E-08 2.06E-10  433.93 10.33 
ER2j-6_1 4.26E-06 4.26E-08 3.09E-08 3.09E-10 6.95E-08 6.95E-10  1322.90 23.81 
ER2e-6_2* 1.4E-05 1.4E-07 1.01E-07 1.01E-09 4.36E-07 4.36E-09  1433.48 28.72 
ER2e-10_1 5.51E-06 5.51E-08 3.99E-08 3.99E-10 7.02E-08 7.02E-10  413.67 10.28 
ER2j-6_2 1.31E-06 1.31E-08 9.49E-09 9.49E-11 2.53E-08 2.53E-10  3554.04 86.33 
ER2j-6_3 2.44E-06 2.44E-08 1.77E-08 1.77E-10 1.02E-07 1.02E-09  758.91 22.26 
ER2a_2 3.37E-06 3.37E-08 2.44E-08 2.44E-10 1.46E-08 1.46E-10  668.44 13.51 
ER2a_1 1.15E-05 1.15E-07 8.34E-08 8.34E-10 5.04E-07 5.04E-09  1614.75 30.15 
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Appendix G2: Analytical data for attempt 2 – laser heating Cu foil-wrapped powders 
 
Spike data    
Notes   
3-He spike treated as pure 3-He 
4-He amount from blank measurement all treated as blank 
    
7.75E-07 3-He per spike shot (at start) 
8.87E-09 2 standard errors 
7.73E-05 Depletion of 3-He spike tank per shot 
    
235-U spike  
0.00725 (235U/238U ratio natural) 
2300 235U/238U ratio spike 
1.002E-04 umol 235/g 
3.00E-07 estimated uncertainty 
 
Helium measurement ------------------------------------- 
Blank ---------------------------------------------------------- 
Run# He 
run# 
4He/3He +/- 2 
SE 
umol 
4-He 
7715 376 0.000554 0.00001 4.42E-
10 
 
 U-Th 
measurement 
      
 Background counts ----------       
 232-Th 235-
U 
238-U      
 -250 0 -70      
Blank Blank counts --------------- Blank ratios ---------------- Blanks umol ------- 
Spike g 232-Th 235-
U 
238-U 232/235 235/238 Q 238 Bl 238-U Bl 232-Th 
0.124 -200 13542 100 0.003692 79.65882 27.87567 1.51E-07 4.45E-08 
  
APPENDICES 
317 
 
 
Step heating He results 
Sample name run 
# 
He 
run 
# 
4He/3He +/- 2 SE umol 4-
He 
+/- 2 
SE 
Ste2-1-grain_2_40Minutes_15.5A 1981 379 0.006574 0.000167 4.51E-
09 
1.15E-
10 
Ste2-1-
grain_2_40Minutes_15.5A_step2 
1982 380 0.002297 0.000017 1.29E-
09 
9.53E-
12 
ER2A-1_grain_7_40Minutes_15.5A 1992 381 0.006993 0.000172 4.82E-
09 
1.19E-
10 
M2-grain_1_40Minutes_13.5A 1980 382 0.002123 0.000048 1.16E-
09 
2.61E-
11 
Ste2-9_grain_6_40Minutes_15.5A 1990 383 0.014328 0.000201 1.03E-
08 
1.45E-
10 
Ste2-
9_grain_6_10Minutes_15.5A_Step2 
1991 384 0.002742 0.000027 1.62E-
09 
1.60E-
11 
ER2j-
6_1_7_40Minutes_Step1_15.5A 
1967 385 0.018862 0.000171 1.38E-
08 
1.25E-
10 
ER2j-
6_1_7_10Minutes_Step2_15.5A 
1968 386 0.001963 0.000042 1.04E-
09 
2.21E-
11 
ER2A_2_6_40Minutes_Step1_15.5A 1960 387 0.013052 0.000172 9.38E-
09 
1.24E-
10 
ER2A_2_6_10Minutes_Step2_15.5A 1961 388 0.001359 0.000017 5.80E-
10 
7.26E-
12 
ER2j-
6_3_8_40Minutes_Step1_15.5A 
1965 389 0.007686 0.000111 5.34E-
09 
7.71E-
11 
ER2j-
6_3_8_40Minutes_Step2_15.5A 
1966 390 0.001624 0.000022 7.80E-
10 
1.06E-
11 
ER2j-6-
2_grain_10_40Minutes_15.5A 
1995 391 0.007589 0.000158 5.27E-
09 
1.10E-
10 
ER2E-
12_grain_12_40Minutes_15.5A 
1997 392 0.009535 0.000135 6.73E-
09 
9.53E-
11 
Ste2-4-
grain_3_40Minutes_15.5A_step1 
1983 393 0.012841 0.000048 9.22E-
09 
3.45E-
11 
ER2E-
10_grain_11_40Minutes_15.5A 
1996 394 0.004296 0.000122 2.79E-
09 
7.92E-
11 
SWK5-1-
grain_4_10Minutes_15.5A_step2 
1985 395 0.002791 0.000108 1.66E-
09 
6.41E-
11 
ER2A-2_grain_8_40Minutes_15.5A 1993 396 0.012988 0.000399 9.33E-
09 
2.86E-
10 
ER2j-6-1_grain_9_40Minutes_15.5A 1994 397 0.009771 0.000243 6.91E-
09 
1.72E-
10 
SWK5-2-
grain_5_40Minutes_15.5A_step1 
1986 398 0.044049 0.000922 3.27E-
08 
6.84E-
10 
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 total of steps  U-Th on 
samples 
Counts raw data ------------- Sample ratios -----------------------------------------
--------------- 
Sample name umol 4-
He 
+/- 2 SE Beaker 
# 
Spike 
g 
232-Th 235-U 238-U 232/235 Est. 
error 
235/238 Est. 
error 
Q 238 
Ste2-1_2 5.80E-09 1.24E-10 20 0.1237 19.667 13542.35 142.002 0.0199 0.0002 63.8784 0.6388 35.01 
ER2A-1_grain 1.19E-10 0.00E+00 34 0.1265 -131.004 8251.459 5540.425 0.0144 0.0001 1.4707 0.0147 1570.58 
M2-1_grain 1.16E-09 2.61E-11 17&4 0.1279 -153.004 6101.055 4811.079 0.0159 0.0002 1.2499 0.0125 1849.82 
Ste2-9_grain 1.20E-08 1.61E-10 26 0.1284 -147.004 6232.796 2333.93 0.0165 0.0002 2.5928 0.0259 888.57 
ER2j-6_1_7 1.48E-08 1.47E-10 36 0.1301 -129.671 4722.372 1677.473 0.0255 0.0003 2.7024 0.0270 852.38 
ER2A_2_6 9.96E-09 1.31E-10 5 0.1293 -180.005 8107.018 12039.62 0.0086 0.0001 0.6695 0.0067 3472.16 
ER2j-6_3_8 6.12E-09 8.77E-11 14 0.1279 113.005 5198.589 1550.454 0.0698 0.0007 3.2081 0.0321 717.56 
ER2j-6-
2_grain 
5.27E-09 1.10E-10 24 0.1278 -10.334 6153.084 2397.611 0.0390 0.0004 2.4935 0.0249 924.07 
ER2E-
12_grain 
6.73E-09 9.53E-11 6 0.1286 81.67 11617.49 15051.97 0.0285 0.0003 0.7683 0.0077 3021.32 
Ste2-4-grain 9.22E-09 3.45E-11 8 0.1279 -120.337 4466.932 1327.423 0.0290 0.0003 3.1965 0.0320 720.16 
ER2E-
10_grain 
2.79E-09 7.92E-11 19 0.1275 71.336 7044.286 1234.412 0.0456 0.0005 5.4004 0.0540 425.47 
SWK5-
1_grain_4 
1.66E-09 6.41E-11 31 0.1291 30.668 8315.841 11133.33 0.0338 0.0003 0.7423 0.0074 3128.18 
ER2A-2_grain 9.33E-09 2.86E-10 28 0.1284 -109.337 1574.457 538.351 0.0893 0.0009 2.5881 0.0259 890.19 
ER2j-6-
1_grain 
6.91E-09 1.72E-10 33 0.128 19.334 7305.79 2642.001 0.0369 0.0004 2.6939 0.0269 855.09 
SWK5-2 3.27E-08 6.84E-10 1 0.1353 -104.67 3181.146 2036.536 0.0457 0.0005 1.5101 0.0151 1529.39 
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 Sample umol ----------------------------   Apparent age (ka) +/- est error 
Sample name Sa 238-U Est. error Sa 235-U Est. error Sa 232-Th Est. error   Sample name 
Ste2-1_2 3.81E-08 3.81E-10 2.76E-10 2.76E-12 1.95E-07 1.95E-09 54123 1664 Ste2-1_2 
ER2A-1_grain 8.51E-06 8.51E-08 6.17E-08 6.17E-10 1.33E-07 1.33E-09 11 0 ER2A-1_grain 
M2-1_grain 1.02E-05 1.02E-07 7.36E-08 7.36E-10 1.53E-07 1.53E-09 88 3 M2-1_grain 
Ste2-9_grain 4.82E-06 4.82E-08 3.49E-08 3.49E-10 1.62E-07 1.62E-09 1908 54 Ste2-9_grain 
ER2j-6_1_7 4.68E-06 4.68E-08 3.39E-08 3.39E-10 2.78E-07 2.78E-09 2414 54 ER2j-6_1_7 
ER2A_2_6 1.94E-05 1.94E-07 1.41E-07 1.41E-09 6.4E-08 6.40E-10 397 8 ER2A_2_6 
ER2j-6_3_8 3.85E-06 3.85E-08 2.79E-08 2.79E-10 8.24E-07 8.24E-09 1174 23 ER2j-6_3_8 
ER2j-6-2_grain 5.00E-06 5.00E-08 3.62E-08 3.62E-10 4.39E-07 4.39E-09 801 22 ER2j-6-2_grain 
ER2E-12_grain 1.68E-05 1.68E-07 1.22E-07 1.22E-09 3.12E-07 3.12E-09 309 7 ER2E-12_grain 
Ste2-4-grain 3.86E-06 3.86E-08 2.80E-08 2.80E-10 3.16E-07 3.16E-09 1814 39 Ste2-4-grain 
ER2E-10_grain 2.21E-06 2.21E-08 1.60E-08 1.60E-10 5.21E-07 5.21E-09 926 21 ER2E-10_grain 
SWK5-1_grain_4 1.74E-05 1.74E-07 1.26E-07 1.26E-09 3.79E-07 3.79E-09 73 2 SWK5-1_grain_4 
ER2A-2_grain 4.83E-06 4.83E-08 3.50E-08 3.50E-10 1.07E-06 1.07E-08 1423 39 ER2A-2_grain 
ER2j-6-1_grain 4.62E-06 4.62E-08 3.35E-08 3.35E-10 4.14E-07 4.14E-09 1135 25 ER2j-6-1_grain 
SWK5-2 8.87E-06 8.87E-08 6.43E-08 6.43E-10 5.56E-07 5.56E-09 2815 50 SWK5-2 
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Appendix G3: Analytical data for attempt 3 – laser heating Cu foil-wrapped grains 
 
Spike data      
Notes    
3-He spike treated as pure 3-He 
4-He amount from blank measurement all treated as blank 
     
7.75E-07 3-He per spike shot (at start) 
8.87E-09 2 standard 
errors 
 
7.73E-05 Depletion of 3-He spike tank per shot 
     
235-U spike   
0.00725 (235U/238U ratio natural) 
2300 235U/238U ratio spike 
1.002E-04 umol 235/g  
3.00E-07 estimated uncertainty 
 
Helium measurement ----------------------------------
--- 
Blank -------------------------------------------------------
--- 
Run# He 
run# 
4He/3He +/- 2 SE umol 
4-He 
7715 348 0.000557 0.000009 4.44E-
10 
 
U-Th measurement       
 Background counts ----------       
 232-Th 235-
U 
238-U      
 -250 0 -70      
Blank Blank counts --------------- Blank ratios ---------------- Blanks umol ------- 
Spike g 232-Th 235-
U 
238-U 232/235 235/238 Q 238 Bl 238-U Bl 232-Th 
0.1262 -242 46396 -46 0.000172 1933.167 0.189758 1.04E-09 2.12E-09 
 
Step heating He results 
 Samples step heating results --------- --------------  
Sample name run # He 
run 
# 
4He/3He +/- 2 SE umol 4-
He 
+/- 2 SE 
SWK-5_3_2_30Minutes_Step1 1953 357 0.006151 0.000111 4.20E-09 7.57E-
11 
SWK-5_3_2_15Minutes_Step2 1954 358 0.001696 0.000051 8.36E-10 2.51E-
11 
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M2_2_4_30Minutes_15.5A_step1 1977 359 0.009178 0.000156 6.48E-09 1.10E-
10 
M2_2_4_30Minutes_15.5A_step2 1978 360 0.002912 0.0001 1.75E-09 6.02E-
11 
ER2E-10-
2_12_50Minutes_15.5A_step1 
1972 361 0.004034 0.000154 2.60E-09 9.92E-
11 
ER2E-10-
2_12_40Minutes_15A_step2 
1973 362 0.001831 0.000093 9.37E-10 4.76E-
11 
ER2A_1_5_30Minutes_Step1 1956 363 0.013631 0.000123 9.83E-09 8.87E-
11 
ER2A_1_5_15Minutes_Step2 1957 364 0.00391 0.000082 2.50E-09 5.25E-
11 
ER2A_1_5_15Minutes_Step3_15-
15.5A 
1958 365 0.004561 0.00003 2.99E-09 1.97E-
11 
ER2E-10-
1_11_50Minutes_15.5A_step1 
1970 366 0.10828 0.000351 8.12E-08 2.63E-
10 
ER2E-10-
1_11_10Minutes_15.5A_step2 
1971 367 0.002155 0.000104 1.18E-09 5.70E-
11 
M2-1_3_30Minutes_Step1 1951 368 0.005958 0.000164 4.05E-09 1.11E-
10 
M2-1_3_15Minutes_Step2 1952 369 0.001146 0.000043 4.20E-10 1.58E-
11 
ER2j-6-
_2_9_40Minutes_Step1_15.5A 
1963 370 0.012249 0.000317 8.79E-09 2.27E-
10 
SWK-
5_10_40Minutes_Step1_15.5A 
1962 371 0.004354 0.000046 2.84E-09 3.00E-
11 
SWK-5_2_15Minutes_step1 1947 372 0.033949 0.000147 2.51E-08 1.09E-
10 
SWK-5_2_15Minutes_step2 1948 373 0.005172 0.000158 3.45E-09 1.05E-
10 
 
 total of steps  U-Th on 
samples 
Counts raw data ------------- 
Sample name umol 4-
He 
+/- 2 SE Beaker 
# 
Spike 
g 
232-Th 235-U 238-U 
SWK-5_3_2 5.03E-09 1.01E-10 42 0.1281 49.335 51081.56 7216.429 
M2_2_4 8.23E-09 1.70E-10 23 0.1264 55.669 48138.43 17857.15 
ER2E-10-2_12 3.54E-09 1.47E-10 32 0.1355 223.344 45742.65 29390.72 
ER2A_1_5 1.53E-08 1.61E-10 7 0.1285 538.699 43914.63 26889.71 
ER2E-10-1_11 8.24E-08 3.20E-10 29 0.129 855.73 40287.88 54878.63 
M2-1_3 4.47E-09 1.27E-10 43 0.1285 -32.668 44115.74 24849.29 
ER2j-6_2_9 8.79E-09 2.27E-10 25 0.1294 425.69 46268.15 7676.711 
SWK-5_1_10 2.84E-09 3.00E-11 35 0.128 295.015 38356.05 69092.7 
SWK-5_2 2.86E-08 2.14E-10 30 0.1291 554.7 47991.45 22652.58 
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 Sample ratios ----------------------------------------------------
---- 
Sample umol ----------------------------   Apparent 
age (ka) +/- 
est error 
Sample 
name 
232/235 Est. 
error 
235/238 Est. 
error 
Q 238 Est. 
error 
Sa 238-
U 
Est. error Sa 235-U Est. 
error 
Sa 232-
Th 
Est. 
error 
  
SWK-
5_3_2 
0.0059 0.0001 7.0105 0.0701 327.42 3.27 1.83E-06 1.83E-08 1.32E-08 1.32E-
10 
7.09E-
08 
7.09E-
10 
2115 56 
M2_2_4 0.0063 0.0001 2.6852 0.0269 857.86 8.58 4.72E-06 4.72E-08 3.42E-08 3.42E-
10 
7.59E-
08 
7.59E-
10 
1345 36 
ER2E-10-
2_12 
0.0103 0.0001 1.5527 0.0155 1487.27 14.87 8.78E-06 8.78E-08 6.37E-08 6.37E-
10 
1.34E-
07 
1.34E-
09 
311 14 
ER2A_1_5 0.0180 0.0002 1.6289 0.0163 1417.31 14.17 7.93E-06 7.93E-08 5.75E-08 5.75E-
10 
2.22E-
07 
2.22E-
09 
1487 30 
ER2E-10-
1_11 
0.0274 0.0003 0.7332 0.0073 3167.29 31.67 1.78E-05 1.78E-07 1.29E-07 1.29E-
09 
3.42E-
07 
3.42E-
09 
3568 63 
M2-1_3 0.0049 0.0000 1.7703 0.0177 1303.52 13.04 7.30E-06 7.30E-08 5.29E-08 5.29E-
10 
5.94E-
08 
5.94E-
10 
473 16 
ER2j-
6_2_9 
0.0146 0.0001 5.9726 0.0597 384.56 3.85 2.17E-06 2.17E-08 1.57E-08 1.57E-
10 
1.82E-
07 
1.82E-
09 
3081 96 
SWK-
5_1_10 
0.0142 0.0001 0.5546 0.0055 4201.23 42.01 2.34E-05 2.34E-07 1.70E-07 1.70E-
09 
1.75E-
07 
1.75E-
09 
94 2 
SWK-5_2 0.0168 0.0002 2.1121 0.0211 1091.73 10.92 6.14E-06 6.14E-08 4.45E-08 4.45E-
10 
2.08E-
07 
2.08E-
09 
3579 68 
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Appendix G4: Analytical data for furnace heating and disequilibrium results 
 
(Th/U)-He age results with disequilibrium  
   Decay constants for 234U and 230Th from  
   Cheng et al. 
   Lambda 234 = 0.0028262 +/- 0.0000057/ka 
   Lambda 230 = 0.009158 +/- 0.000028/ka 
 All uncertainties considered including Lambdas  
Method 1: using present day (234/238) and estimated initial(230/238) activity ratios with 1-sig errors 
and init activity ratios have 95% confidence. Does not make use of measured (230Th/238U). 
Method 2: using initial (234U/238U) randomized between 1 and 6, and estimated initial (230Th/238U) 
ratio. This is for very old samples where there is no residual  (234U?238U) disequilibrium that can be 
measured 
Method 3: using present day (234/238) and (230/238) activity ratios with 1-sig errors and init activity 
ratios have 95% confidence 
sol/500 is the number of valid solutions for (U/Th) in 500 Monte Carlo shots 
 
Sample Mass 
(mg) 
4He 
(umol) 
+/-1sig 238U 
(umol) 
+/-1sig 232Th 
(umol) 
+/-1sig ppmU ppmTh (234/238) 
meas 
+/- (230/238) 
meas 
+/- 
M2_oHe_2 33.56 1.67E-
08 
2.98E-
09 
0.000122 1.2E-07 7.67E-07 9.43E-09 0.871 0.005 1.378 0.004 1.096 0.014 
M2_Urich1 40.23 8.33E-
09 
1.35E-
09 
0.000043 4.43E-08 3.07E-07 2.87E-09 0.256 0.002 1.354 0.005 1.012 0.010 
M2_oHe1-test2 77.01 4.79E-
09 
7.50E-
11 
0.000202 3.69E-07 4.84E-07 5.18E-09 0.628 0.001 1.353 0.011 1.062 0.012 
JR03-bottom* 32.27 8.58E-
08 
1.67E-
09 
5.93E-05 6.1E-08 7.08E-07 5.97E-09 0.441 0.005 1.138 0.005 1.169 0.011 
JR03-mid* 38.78 5.29E-
08 
1.01E-
09 
3.62E-05 3.71E-08 6.18E-07 5.29E-09 0.224 0.004 1.154 0.005 1.182 0.011 
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JR03-top* 29.77 1.74E-
08 
4.56E-
11 
0.000033 3.31E-08 6.44E-07 5E-09 0.266 0.005 1.180 0.006 1.922 0.016 
ER2G-top* 11.26 6.28E-
08 
1.76E-
10 
3.26E-05 3.82E-08 1.59E-06 1.71E-08 0.694 0.033 1.079 0.005 1.144 0.013 
ER2G-bot 31.29 7.5E-
08 
1.24E-
10 
3.98E-05 4.88E-08 9.82E-07 1.19E-08 0.305 0.007 1.234 0.010 1.294 0.016 
ER2G-bot 2nd He 
run 
31.29 9.1E-
08 
3.26E-
10 
3.98E-05 4.88E-08 9.82E-07 1.19E-08 0.305 0.007 1.234 0.010 1.294 0.016 
ER3-top2* 52.8 9.37E-
09 
1.30E-
09 
3.86E-05 5.16E-08 1.49E-06 2.07E-08 0.175 0.007 1.633 0.011 1.661 0.024 
ER3-top* 63.4 1.55E-
08 
1.40E-
09 
3.42E-05 3.53E-08 4.49E-07 4.10E-09 0.129 0.002 1.716 0.007 1.624 0.016 
ER3-bot 59.3 1.74E-
08 
1.40E-
09 
3.96E-05 8E-08 4.66E-07 3.60E-09 0.16 0.002 1.985 0.006 1.713 0.015 
SWK5_UPbva1- 
Used first run 
37.68 4.79E-
07 
1.21E-
09 
0.000321 4.1E-07 4.72E-07 3.65E-09 2.042 0.003 1.003 0.003 0.949 0.008 
Swk5_UR1 (15-16)* 43.07 2.08E-
07 
6.77E-
10 
8.26E-05 8.64E-08 3.84E-07 3.47E-09 0.46 0.002 1.006 0.004 0.981 0.009 
SWk5_UR2 35.75 1.27E-
07 
3.99E-
10 
0.000161 1.55E-07 5.4E-07 3.92E-09 1.08 0.004 1.004 0.003 1.008 0.008 
BH1/15-L1 57.5 2.09E-
07 
2.68E-
10 
8.46E-05 7.95E-08 4.77E-07 3.25E-09 0.353 0.002 1.002 0.003 0.998 0.008 
BH4/9-2* 17.37 3.64E-
07 
1.03E-
09 
9.81E-05 9.75E-08 3.42E-07 2.34E-09 1.354 0.005 0.999 0.003 1.025 0.008 
BH1/15_dark1 19.77 1.64E-
08 
1.51E-
09 
3.84E-06 9.92E-09 5.35E-07 1.19E-08 0.047 0.006 1.023 0.031 2.319 0.053 
BH1/15_dark2 31.14 2.26E-
08 
6.52E-
10 
5.15E-06 3.82E-08 5.04E-07 2.27E-08 0.04 0.004 1.105 0.062 0.961 0.044 
BH1/8_1 21.93 1.09E-
07 
3.25E-
10 
3.43E-05 3.72E-08 4.47E-07 3.41E-09 0.375 0.005 0.999 0.004 3.494 0.029 
BH1/8_2 58.5 1.73E-
06 
2.40E09 0.000355 3.66E-07 0.000019 1.27E-07 1.455 0.075 1.004 0.004 0.964 0.007 
APPENDICES 
325 
 
 
Black: measured data 
Red: assumptions 
Blue: results of calculations 
Method 1 Age calculation 
Sample (230/238) 
init 
+/- Centr
e-Age 
(ka) 
Centre 
(234/238
) init 
MC-
Age(ka
) 
+/-
95
% 
MC-
(234/238) 
init 
+/-
95% 
Solutions 
/500 
M2_oHe_2 
0.01 0.00 134 1.55 134 32 1.55 0.05  500 /500 
M2_Urich1 
0.01 0.00 174 1.58 174 39 1.58 0.07  500 /500 
M2_oHe1-test2 
0.01 0.00 40 1.40 39 2 1.39 0.02  500 /500 
JR03-bottom* 
0.01 0.00 826 2.43 827 24 2.43 0.10  500 /500 
JR03-mid* 
0.01 0.00 813 2.54 813 22 2.53 0.10  500 /500 
JR03-top* 
0.01 0.00 393 1.55 393 5 1.55 0.03  500 /500 
ER2G-top* 
0.01 0.00 1085 2.69 1087 26 2.69 0.10  500 /500 
ER2G-bot 
0.01 0.00 852 3.60 852 20 3.61 0.10  500 /500 
ER2G-bot 2nd 
He run 
0.01 0.00 941 4.35 941 22 4.35 0.11  479 /500 
ER3-top2* 
0.01 0.00 177 2.04 176 32 2.04 0.10  500 /500 
ER3-top* 
0.01 0.00 258 2.49 258 32 2.49 0.13  500 /500 
ER3-bot 
0.01 0.00 229 2.88 228 23 2.88 0.12  500 /500 
SWK5_UPbva
1- Used first 
run 
0.01 0.00 1204 1.10 1207 57 1.09 0.20  500 /500 
Swk5_UR1 
(15-16)* 
0.01 0.00 1757 1.91 1774 197 1.85 0.67  485 /500 
SWk5_UR2 
0.01 0.00 682 1.03 683 11 1.02 0.04  500 /500 
BH1/15-L1 
0.01 0.00 1876 1.38 1862 185 1.43 0.63  425 /500 
BH4/9-2* 
0.01 0.00 0 0.00 2522 429 2.44 1.45  197 /500 
BH1/15_dark1 
0.01 0.00 0 0.00 2387 791 3.33 1.23  26 /500 
BH1/15_dark2 
0.01 0.00 0 0.00 0 0 0.00 0.00  0 /200 
BH1/8_1 
0.01 
0.00
3 0 0 2219 358 2.05 1.21  229 / 500  
BH1/8_2 
0.01 
0.00
3 0 0 3101 286 3.40 0.98  26 / 500  
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 Black: measured data 
Method 2 Age calculation 
 Red: assumptions 
 Blue: results of 
calculations 
Sample (230/23
8) init 
+/- Centre
-Age 
(ka) 
Centre 
(234/238
) init 
MC-
Age(
ka) 
+/-
95
% 
MC-
(234/23
8) init 
+/-
95% 
Solutions 
/500 
M2_oHe_2 
0.01 0.00 83 3.50 89 60 3.64 2.96  500 /500 
M2_Urich1 
0.01 0.00 107 3.50 118 78 3.51 2.86  500 /500 
M2_oHe1-test2 
0.01 0.00 23 3.50 25 15 3.48 2.93  500 /500 
JR03-bottom* 
0.01 0.00 625 3.50 681 485 3.53 2.98  500 /500 
JR03-mid* 
0.01 0.00 633 3.50 701 492 3.45 2.93  500 /500 
JR03-top* 
0.01 0.00 231 3.50 258 179 3.54 2.96  500 /500 
ER2G-top* 
0.01 0.00 897 3.50 941 626 3.55 2.99  500 /500 
ER2G-bot 
0.01 0.00 875 3.50 900 598 3.64 2.92  500 /500 
ER2G-bot 2nd 
He run 
0.01 0.00 1139 3.50 1172 660 3.51 2.75  500 /500 
ER3-top2* 
0.01 0.00 127 3.50 142 95 3.41 2.88  500 /500 
ER3-top* 
0.01 0.00 205 3.50 225 150 3.55 2.86  500 /500 
ER3-bot 
0.01 0.00 201 3.50 223 145 3.50 2.95  500 /500 
SWK5_UPbva
1- Used first 
run 
0.01 0.00 651 3.50 713 488 3.48 2.93  500 /500 
Swk5_UR1 
(15-16)* 
0.01 0.00 1307 3.50 1364 745 3.40 2.88  500 /500 
SWk5_UR2 
0.01 0.00 331 3.50 378 257 3.41 2.88  500 /500 
BH1/15-L1 
0.01 0.00 1273 3.50 1302 746 3.51 2.93  500 /500 
BH4/9-2* 
0.01 0.00 2207 3.50 2236 842 3.42 2.87  500 /500 
BH1/15_dark1 
0.01 0.00 2561 3.50 2538 986 3.53 2.85  500 /500 
BH1/15_dark2 
0.01 0.00 2673 3.50 2667 847 3.55 2.84  500 /500 
BH1/8_1 
0.01 0.003 1795 3.500 1807 834 3.50 2.93  500 / 500  
BH1/8_2 
0.01 0.003 3069 3.500 3094 822 3.42 2.80  500 / 500  
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 Black: measured data 
Method 3 Age calculation 
 Red: assumptions 
 Blue: results of 
calculations 
Sample  
(230/2
38) 
init 
+/- Cent
re-
Age 
(ka) 
Centre 
(234/23
8)init 
MC-
Age(
ka) 
+/-
95
% 
MC-
(234/2
38) init 
+/-95% Solutions 
/500 
M2_oHe_2 
0.52 0.39 111 1.52 107 42 1.51 0.06  446 /500 
M2_Urich1 
0.17 0.25 0 0.00 125 21 1.50 0.03  20 /500 
M2_oHe1-test2 
1.01 0.03 17 1.37 17 0 1.37 0.02  500 /500 
JR03-bottom* 
3.04 3.32 0 0.00 722 
14
3 1.99 0.39  3 /500 
JR03-mid* 
2.97 0.08 0 0.00 708 31 2.07 0.06  2 /500 
JR03-top* 
4.55 0.09 171 1.29 170 3 1.29 0.02  500 /500 
ER2G-top* 
10.41 2.35 627 1.46 640 
11
5 1.49 0.23  493/ 500 
ER2G-bot 
5.45 4.74 0 0.00 712 
14
9 2.63 0.73  19 /500 
ER2G-bot 2nd 
He run 
5.85 7.17 0 0.00 808 
18
0 3.25 1.30  7 /500 
ER3-top2* 
1.51 0.21 121 1.89 122 37 1.90 0.10  500 /500 
ER3-top* 
0.42 0.30 0 0.00 200 17 2.26 0.06  3 /500 
ER3-bot 
0.00 0.00 0 0.00 0 0 0.00 0.00  0 /500 
SWK5_UPbva1
- Used first run 
0.00 0.00 0 0.00 0 0 0.00 0.00  0 /500 
Swk5_UR1 (15-
16)* 
14.75 2.11 0 0.00 885 
15
8 0.98 0.04  5 /500 
SWk5_UR2 
1.74 1.21 565 1.02 550 90 1.02 0.03  348 /500 
BH1/15-L1 
13.85 3.04 0 0.00 907 
23
2 1.01 0.06  146 /500 
BH4/9-2* 
28.00 1.25 763 0.99 769 86 1.00 0.05  500 /500 
BH1/15_dark1 
39.63 7.47 373 1.07 373 24 1.07 0.19  500 /500 
BH1/15_dark2 
35.00 3.17 0 0.00 787 
21
6 0.72 0.41  11 /500 
BH1/8_1 
31.53 0.44 
275.0
0 1.00 275 3 1.00 0.02  500 / 500  
BH1/8_2 
0.00 0.00 0.00 0.00 0 0 0.00 0.00  0 / 500  
 
